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SEC. 1. ON SOME FEATURES OF THE SPINAL NERVES. 

§ B68. We have called the muscular and nervous tissues the 
master tissues of the body ; but a special part of the nervous 
system, that which we know as the central oervous system, the 
brain and spinal cord, is supreme among the nervous tissues and 
is master of the skeletal muscles as well as of the rest of the 
body. We have already (Book i. Chap, in.) touched on soroe of 
the general features of the oervous system, and have now to study 
in detail the working of the brain and spinal cord. We have to 
inquire what we know concerning the laws which regulate the 
discharge of efferent impulses from the brain or from the cord, 
and to team how that discharge is determined on the one hand 
by intrinsic changes originating, apparently, in the substance of 
the brain or of the cord, and on the other hand by the nature and 
amount of the afferent impulses which reach them along afferent 
nerves. 

As we shall see the study of the spinal cord cannot be wholly 
separated from that of the brain, the two being very closely related. 
Nevertheless it will be of advantage to deal with the spinal cord 
by itself BO far as we can. The spinal bulb (medulla oblongata) 
we shall consider as part of the brain. But before we speak of 
the spinal cord itself, it will be desirable to say a few words con- 
cerning the spinal nerves, that is to say the nerves which issue 
from the spinal cord. 

Te have already seen (§ 96) that each of the spinal nerves 
) by two roots, an anterior root attached to the ventral or 

rior surface, and a posterior root attached to the doraal or 
srior surface of the cord. We have further seen that the 
r bears a ganglion, a ' ganglion of the posterior root ' or ' spinal 

59—2 
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SPINAL NERVES. 



[Book iit. 
i 97) studied the structure of this 



ganglion,' and we 
ganglion. 

We stated at the same time that while the trunk of a spinal 
nerve contained both efferent and afferent fibres, the efferent 
fibres were gathered up into the anterior root and the afferent 
fibres into the posterior root ; but we gave no proof of this state- 
ment. 

§ 669. Before we proceed to do so, it will be as well to say a 
few words on the terms " efferent ' and ' afferent.' By efferent nerve 
fibres we mean nerve fibres which in the body usually carry 
impulses fi-om the central nervous system to peripheral organs. 
Most efferent nerve fibres carry impulses to muscles, striated or 
plain, and the impulses passing along them give rise to movements ; 
hence they are frequently spoken of as 'motor' fibres. But all 
efferent fibres do not end in or carry impulses to muscular fibres ; 
we have seen for instance that some efferent fibres are secretory. 
Moreover all the nerve fibres going to muscular fibres do not serve 
to produce movement ; some of them, as in the case of certain vagus 
fibres going to the heart, are inhibitory and may serve to stop 
movement. 

By ' afferent ' nerve fibres we mean nerve fibres which in the 
body usually carry impulses from peripheral organs to the central 
nervous system. A very common effect of the arrival at the central 
nervous system of impulses passing centripetally along afferent 
fibres is that change in consciousness which we call a ' sensation ' ; 
hence afferent fibres are often called ' sensory ' fibres, and the 
nervous impulses passing centripetally along them, sensory im- 
pulses. But as we have already in part seen, and as we shall 
shortly see in greater detail, the central nervous system may be 
affected by centripetal impulses, and that in several ways, quite 
apart from the development of any such change of consciousness 
as may be fairly called a sensation. We shall see reason for 
thinking that centripetal impulses reaching the spinal cord, and 
indeed other parts of the central nervous system, may modify 
reflex or automatic or other activity without necessarily giving rise 
to a "sensation." Hence it is ajdviaable to reserve the terms 
' efferent ' and ' afferent ' as more general modes of expression than 
' motor ' or ' sensory.' 

We have seen in treating of muscle and nerve, that the changes 
produced in the muscle serve as our best guide for determining 
the changes taking place in a motor nerve ; when a motor nerve is 
separated from its muscle (§ 72) the only change which we can 
appreciate in it is an electrical change. Similarly in the case of 
an afferent nerve, the central system is our chief teacher; in a 
bundle of afferent fibres isolated from the central nervous system, 
in a posterior root of a spinal nerve for instance, the only change 
which we can appreciate is an electrical change. To learn the 
characters of afferent impulses we must employ the central n 
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system. But in this we meet with difficulties. In studying the 
phenomena of motor nerves we are greatly assisted by two facta. 
First, the muscular contraction by which we Judge of what is going 
on in the nerve is a comparatively simple thing ; one contraction 
differs from another by such features only as e.xtent or amount, 
duration, frequency of repetition and the like, and all such 
differences are capable of exact measurement. Secondly, when 
we apply an artificial stimulus, such as an electric shock, directly 
to the nerve itself, the effects, so far as we at present know, differ 
in degree only from those which result when the nerve is set in 
action by a natural stimulus, such as the will. When we come, on 
the other hand, to investigate the phenomena of afferent nerves, 
our labours are for the time rendered heavier, but in the end 
more fruitful, by the following circumstances: — Fii-st, when we 
judge of what is going on in an afferent nerve by the effects 
which stimulation of the nerve produces in some central nervous 
organ, in the way of exciting or modifying reflex action, or 
modifying automatic action, or affecting consciousness, we are 
met on the very threshold of every enquiry by the difficulty of 
clearly distinguishing the events which belong exclusively to the 
afferent nei-ve from those which belong to the central organ. 
Secondly, the effects of applying a stimulus to the peripheral end- 
organ of an afferent nerve are very different from those of applying 
the same stimulus directly to the nerve-trunk ; this may be shewn 
by the simple experience of comparing the sensation caused by 
bringing any sharp body into contact with a nerve laid bare in a 
wound with that caused by contact of an intact skin with the 
same body. These and like differences reveal to us a complexity 
of impulses, of which the phenomena of motor nerves gave us 
hardly a hint. 

We shall further see in detail later on that our consciousness 
may be aflected in many different ways by afferent impulses; 
we must distinguish not only sensory from other afferent impulses, 
but also different kinds of sensory impulses from each other. 
Certain afferent nerves are spoken of as nerves of special sense, 
and the nature of the afferent impulses passing along these special 
nerves together with the modiiications of consciousness caused by 
arrival of these impulses at the central nervous system constitute 
by themselves a complex and difficult branch of study. In some 
of the problems connected with the central nervous system we 
shall liave to appeal to the results of a study of these special 
senses : but, on the other hand, a knowledge of the central nervous 
system is necessary tu a proper understanding of the special 
senses; and on the whole it will be more convenient to study 
the former before the latter. 

We may, however, digress here to remark that the question 
whether an afferent impulse differs in itself from an efferent 
impulse is one of great difficulty. It is true that the electrical 
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changes, which alone as we have said we can appreciate in an 
isolated piece of nerve, appear to be the same in both kinds of 
fibres ; in each the electrical change is propagated in both directiona 
and possesses the same feature& But it would be ba^ardoim to 
insist too much on this. Moreover, we must remember that what 
we call a nervous impulse, especially one provoked by artificial 
stimulation, constitutes a gross change in the nerve fibre, and 
that changes of a finer, more delicate nature, such as cannot be 
shewn by the coarse methods used to detect a ' nervous impulse,' 
may take place in, and be propagated along, a nerve fibre. We 
shall have occasion immediately to point out that the condition of 
an afferent nerve fibre along its whole length is dependent on a 
nerve cell in the ganglion of the posterior root ; the fibre when 
cut off from the nerve cell degenerates and dies. This means 
that in the intact fibre certain influencea are propagated along 



to the peripheral endings 
ion the opposite of that taken 
'mpulses ; and it may be that 



the fibre from the cell in the ganglia 

of the fibre, that is to say in a directio 

by the ordinary centripetal nervous ii 

in like manner in efferent fibres some influences are propagated 

centripetally from the peripheral endings to the central nervous 

system. Our knowledge of these influences is extremely limited ; 

but it is important to bear in mind the possibility of their 

occurrence. And we had this in view, when above, in speaking of 

efferent and afferent fibres, we used the phrase " usually carry 

impulses." 

§ 560. The proof that the afferent and efferent fibres which 
are both present in the trunk of a spinal nerve are parted at the 
roots, the efferent fibres running exclusively in the ventral or 
anterior root and the afferent fibres exclusively in the dorsal or 
posterior root, is as follows. 

When the anterior root is divided, the muscles supplied by the 
nerve cea*^e to be thrown into contractions either by the will, or by 
reflex action, while the structures to which the nerve is distributed 
retain their sensibility. During the section of the root, or when 
the proximal stump, that comiected with the spinal cord, is stimu- 
lated, no sensory effects are produced. When the distal stump is 
stimulated, the muscles supplied by the nerve are thrown into 
contractions. When the posterior root is divided, the muscles 
supplied by the nerve continue to be thrown into action by an 
exercise of the will or as part of a refiex action, but the structures 
to which the nerve is distributed lose the sensibility which tliey 
previously possessed. During the section of the root, and when the 
proximal stump is stimulated, sensory effects are produced. When 
the distal stump is stimulated no movements are called forth. 
These facts demonstrate that sensory impulses pa^s exclusively by 
the posterior root from the peripheral to the central organs, and 
that motor impulses pass exclusively by the anterior root from the 
central to the peripheral organs; and so far as our knowledge 
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goes the same holds good not only for sensory and motor but also 
for all centripetal and centrifugal irapulaea. 

An exception must be miule to the above general statement, on 
account of the so-called " recurrent sensibility " which is witnessed 
in conscious mammals, under certain circumstances. It some- 
times happens that when the distal slump of the divided anterior 
root is stimulated, signs of pain are witnessed. These are not 
caused by the concurrent muscular contractions or cramp which the 
stimulation occasions, for they persist after the whole trunk of the 
nerve has been divided some little way below the union of the roots 
above the origins of the muscular branches, so that no contractions 
take place They disappear when the posterior root is subse- 
quently divided, and they are not seen if the mixed nerve trunk 
be divided close to the union of the roots. The phenomena aro 
probably due to the fact, that bundles of sensory fibres of the 
posterior root after runniug a short distance down the mixed 
trunk turn back and run upwards in the anterior root, (being 
distributed probably to the pia mater) and by this recurrent course 
give rise to the recurrent sensibility. 

Further, certain experimental and histological results have been 
brought forward to shew that the posterior roots do or may contain 
efferent fibres carrying impulses to the plain muscular fibres such 
as those of the intestines and blood vessels; but the evidence 
for this is not at present sufficiently conclusive to render invalid 
the same general statement. 

§ 561. Concerning the gatiglion on the (wsterior root, we may 
say definitely that wo nave no evidence that it can act as a centre 
of reflex action ; nor have we any evidence that it can spontaneously 
give origin to efferent impulses and thus act as an automatic 
centre, as can the central nervous system itself. The bodies of 
the nerve-cells behave somewhat differently from the axis-cylinders 
at some distance from the cells, though, as we have seen, these are 
in reality processes of the nerve cells; thus the nerve celts in the 
ganglion are more sensitive to certain poisons (ex. gr. nicotin) 
than are the nerve fibi-ea of the nerve trunk. But beyond this, our 
knowledge concerning the function of the ganglion is almost limited 
to the fact that it is in some way intimately connected with the 
nutrition of the nerve. As we have already (§ 83) said, when a 
mixed nerve trunk is divided the peripheral portion degenerates 
from the point of section downwards towards the peripherj'. The 
central portion does not so degenerate, and if the length of nerve 
removed be not too great, the central portion may grow downwards 
along the coui-se of the degenerating peripheral portion, and thus 
regenerate the nerve. This degeneration is observed when the 
mixed trunk is divided in any part of its course from the periphery 
to close up to the ganglion. When the posterior root is divided 
between the ganglion and the spinal cord, the portion attached 
to the spinal oird degenerates, but that attached to the ganglion 
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remaiDS intact. When the anterior root is divided, the proximal 
portioD in connection with the spinal cord remains intact, but 
the distal portion between the section and the junction with 
the other root degenerates ; and in the mixed nerve-trunk 
many degenerated fibres are seen, which, if they be carefully 
traced out, are found to be motor (efferent) fiores. If the 
posterior root be divided carefully between the ganglion and the 
junction with the anterior root, the small portion of the posterior 
root left attached to the peripheral side of the ganglion above 
the section remains intact, as does also the rest of the root 
from the ganglion to the spinal cord, but in the mixed nerve- 
trunk are seen numerous degenerated fibres, which when examined 
are found to have the distribution of sensory (afferent) fibres. 
Lastly, if the posterior ganglion be excised, the whole posterior 
root degenerates, as do also the sensory (afferent) fibres of the 
mixed nerve trunk. Putting all these facta together, it would 
seem that the nutrition or growth of the efferent and afiPerent 
fibres takes place in opposite directions, and starts from different 
nutritive or 'trophic' centres. The afferent fibres grow away from 
the ganglion either towards the periphery, or towards the spinal 
cord. iTie efferent fibres grow outwards from the spinal cord 
towards the periphery. The afferent fibre is essentially a process 
of a cell in the ganglion: the axis-cylinder of the fibre running 
in the root and that of the fibre running along the nerve-trunk, 
are divisions of the elongated process of a nerve cell. The axia- 
cylinder of the efferent fibre on the other hand is a process of 
a nerve cell in the spinal cord. In both cases the axis-cylinder 
degenerates and dies when it is separated from the part of the 
cell surrounding the nucleus; and the degeneration of the axis- 
cylinder entails the degeneration of its wrappings, the medulla, 
and so of the whole nerve. When an amoeba or other unicellular 
organism is so divided that one moiety retains the nucleus and the 
other is simply a portion of cell-body without a nucleus, it is 
observed that while the latter moiety speedily dies, the former 
moiety continues to live and may regenerate the whole body, 
Similarly the nerve fibre cut away from its nucleus dies, but 
the part retaining the nucleus continues to live and may re- 
generate the whole fibre. Hence though efferent and afferent 
fibres degenerate in different directions the cause of the degenera- 
tion is the same in the two ca-ses. 

This difference in their mode of nutrition is frequently of great 
help in investigating the relative distribution of efferent and 
afferent fibres. When a posterior root is cut beyond the ganglion, 
or the ganglion excised, all the afferent nerves degenerate, and 
in the mixed nerve branches these afferent fibres, by their altered 
condition, can readily be trnced. Conversely, when the anterior 
roots are cut, the efferent fibres alone degenerate, and can be 
similarly recognized in a mixed nerve tract. When the anterior 
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root is divided some few fibres in it do not, like the rest, de- 
generate, and when the poeterior root is divided, a few fibres in 
the anterior root are seen to degenerate like those of the posterior 
root ; these appear to be the fibres which give tu the anterior 
root its " recurrent sensibility." In the case of certain spinal 
nerves at all events, it has also been ascertained that when the 
posterior root is divided, while most of the fibres in the part of 
the root thus cut off from the ganglion but left attached to the 
cord degenerate, some few do not. These few appear to have their 
trophic centre not in the ganglion, but in some part of the spinal 
con! itself; we shall refer to these later on. 

This method of distinguishing nerve fibres by the features 
of their degeneration, called the "degeneration method," or 
sometimes from the name of the physiologist who introduced 
it. the " Wallerian method," has proved of great utility. Thus 
in the vagus nerve which is composed not only of fibres which 
spring from the real vagus root but also of fibres proceeding from 
tne spinal accessory roots, the two may be distinguished by 
section of the vagus and spinal accessory roots respectively. 
We shall presently sec that this method may be applied to 
the differentiation of tracts of fibres in the brain and spinal 
corA 
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§ 662. Lying within the vertebral canai the spinal cord is 
protected by its ' membranes,' the dura mater, the arachnoid 
membrane aud the pia mater. The consideration of the arreinge- 
ment of these membranes and of the stnictnre of the dura mater 
and arachnoid we will leave until we come to speak of the vascular 
and lymphatic supplies of the central nervous system ; the histo- 
logy of the pia mater may more fitly come with that of the spinal 
cord itself. 

Along its whole length ftxim its junction with the bulb to 
its termination in the filvm tertniTutle the spinal cord, while 
possessing certain general features, is continually changing as to 
special features. It will be convenient to study first the geneml 
structure of some particular part, for instance the middle of the 
thoracic (dorsal)' region, and afterwards lo point out the special 
features which obtain in the several regions. 

A transverse vertical section of either a fresh or a hardened and 
prepared spinal cord at the thoracic region possesses an outline 
which is roughly speaking circular. In the middle of the anterior 
or ventral surface is a vertical fissure, the ventral or anterior Jissure 
(Fig. 96, A. F.) running some way across the thickness of the cord 
from the ventral towards the dorsal surface. Opposite to it on 
the posterior or dorsal surface is a corresponding deeper but 
narrower, dorsal or postenor fissure (Fig. 96, P. F.) which, 
however, as we shall see, differs materially in nature from the 

' It is verf desirable to use tbe terms 'dora&l' and 'TentraJ' tor the parts of tbe 
cerebro-Bpin&l axis which lie respeotivel; near the dorsal or back part, and the 
ventral or belly part of Che body, iaatead of the terms posterior uid anterior; but 
if this is done, the use of the vord dorsal to denote the region of the cord between 
^e lambar and cervical regions is apt to lead to oanfuaioD-, htnoe the introduction 
ol the word thoracic. If thia use of dorsal and ventral be adhered to, b«tare and 
behind, above and below, loay conveniently be naed to denote nearer the head and 
nearer the tail (or cooc;i) reapeotively ; anterioi and posterior may also be used In 




a. M. A TnudTKHSK Dobsotemtbai. Stenon or tbi Sfiiiu. Cobs (Human) 

AT THi Lktki, or THE BiiTH Trouacio (Dorbai.) Nebte. (SheiriDgtoQ.) 

UkgniQed 15 timea. One lateral b>U oal; la shewn. The Urge oonspiouoos 

nerve-cella (drawn from actual speclmeos) are ahailed black to render (heit reUtire 

iiie, Bhape and position more obvionn; the ontline of the grey matter has been 

'e thick and dark in order to render it conapicuoui. 
A.F. anterior (ventral) flBBure. P.F. posterior (dorsal) fiasare. e.c. central oanal. 
e.gj. central gelatinoas Hiibatance. A.r. anterior (veotral) root, P.r. lateral 
(or intermediate) bundle, P.r'. median bundle of posterior (doraal) root of 

ral nerve, p', p" fibres of posterior (dorsal) root passing p\ iudireotlj 
agh the substance of Bolando, p", direoll? into firey matter. a.g.c. 
ftnterioT (Tentrali grey commiaaure. p.g.c. posterior (dorsal) grey oommissij 
a.c. anterior (ventral) white commissure, anl. col. anterior (ventral) oolan 
lal. aol. lateral column, pott. cot. posterior (dorsal) column. (.;;. theaubatanoe 
ol Bolando. I. septum marking out the external posterior (dorsal) oolumn or 
Mltunn of Burdaoh, /.p., from the median posterior (dorsal) column or cotomn 
of GoU, m.p. 

Delia of the anterior (ventral) horn. 3. marks position of ft graap of small 
cells of eonstdarable constancy and extent in the mnmmalian cord, the 
"middle cells." 3, posterior (dorsal) vesicular oolmnn or vosioular cylinder, 
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or colamn of Clnrke ; the area of the cylinder ia defined bj a dotted line. 4. cellg 
of tho ID termed io-lateral tract or lateral bom. 6. cells oF tbe posterior 
(dorsal) horn. 7. cells of the anterior veDtnil oervii peculiar to this and 
adjoining aeRments of the oord. if. a tiaci of fibres passing from the Tesictilar 
cylinder to the lateral column. 



anterior fissure, and ought to be called a septum rather than a 
fissure. Between the two fisaiires the substance of the cord is 
reduced to a narrow isthmus uniting the two lateral halves, which 
in a normal cord are like each other in every respect. In the 
middle of the iathinus lies the section of a small canal, the central 
canal (Fig. 96, c.c), which in all that remains of the relatively 
wide neural canal of the embryo. 

Each lateral half consists of an outer zone of white inaUer 
surrounding, except at the isthmus, an inner more or less 
crescentic, or comma shaped mass of grey niatter. The convexity 
of each crescent is turned towai"ds the median line of the cord, the 
two crescents being placed back and back and joined together 
by the isthmus just spoken of. The somewhat broader anterior 
extremity of the crescent, or head of the comma, is called the 
ventral {anterior) cornu. or horn ; and the narrower posterior 
extremity of the crescent, or tail of the comma, is called the dorsal 
{posterior) cornu or horn. The part by which each horn is joined 
on to the middle part of the crescent is called the cervitc, ventral 
and dorsal respectively. The isthmus joining the backs of the 
two crescents, like the crescents themselves, consists, for the most 
part, of grey matter, the band running posterior or dorsal to the 
central canal being called the dorsal (posterior) grey comviissitre 
(Fig. 96, p. g. c), and the band running anterior or ventral to the 
canal being called the ventral {anterior) grey comviisBure (Fig 96, 
a. g. c). The dorsal (posterior) hasure touches the dorsal (posterior) 
grey commissure, but the ventral (anterior) grey commissure is 
separated from the bottom of the ventral (anterior) fissure by a 
baiid of white matter, called the vmitral (anterior) white commis- 
sure (Fig. 96, a. c). 

If the section be taken at the level of the origin of a pair of 
spinal nerves, it will be seen that the ventral (anterior) root, 
piercing the white matter opposite the head of the comma in 
several distinct bundles (Fig. 96, A.r.), plunges into the ventral 
(anterior) comu, while the dorsal (posterior) root (Fig. 96, P.r., 
P.r.), having the appearance of a single undivided bundle, passes, 
in part at least, into the dorsal (posterior) horn. Both roots are 
dispersed lengthways along the cord, the hinder roots of one nerve 
being close to the foremost roots of the nerve below, but it is only 
the ventral (anterior) roots which are dispersed sideways. The com- 
pact bundle of the dorsal (posterior) root divides, with tolerable 
sharpness, the white matter m each lateral half of the cord into a 
dorsal (posterior) portion lying between the doi-sal (posterior) fissure 
and the dorsal (posterior) root (Fig. 96, post, col.), which portion 
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since, aa we shall see, it nins in the form of a column along the 
length uf the cord, is called the posterior column, and into a 
portion lying to the outside of the dnrsal (posterior) root between it 
and the ventral (auterior) fissure, called the antero- lateral column. 
This latter may be considered as further divided, by the entrance 
of the ventral (anterior) roots into a fciieroi column (Fig. 96, lot. col.) 
between the dorsal (posterior) root and the moat external bundle 
of the ventral (anterior) root, and into an anterior column (Fig. 96, 
ant. col.) between the ventral (anterior) fissure and the most external 
bundle of the ventral (anterior) root. The part traversed by the 
bundles of the ventral (anterior) root, as they make for the ventral 
(anterior) horn, accordingly belongs to the auterior column ; but 
some writers speak of the auterior oolumn as lying between the 
ventral (anterior) fissure and the nearest bundle of the ventral 
(anterior) root, thus making the region of the ventral (anterior) root 
belong to neither anterior nor lateral column. And indeed the 
distinction between the anterior and the lateral column ia to a 
great extent an artificial distinction. 

§ 663. The ' white matter ' consists almost exclusively of 
medullated fibres supported partly by connective tissue and partly 
by a peculiar tissue known as neuroglia, of which we shall 
presently speak. The fibres are of various sizes, but many of them 
are large, and in nearly all of them the medulla is conspicuous. 
They run for the most part longitudinally, so that in transverse 
eectiona of the cord nearly the whole of the white matter appears 
onder the microscope to be composed of minute circles, the trans- 
verse sections of the longitudinally disposed fibres, imbedded in 
the supporting structures. When examined by ordinaiy modes of 
preparation these longitudinal medullated fibres of the white 
matter, though they may occasionally be seen to bifurcate appear, 
on the whole, to run an undivided unbranched courae; but a 
Special mode of preparation has revealed the fact that they give 
off very fine lateral branches. This method known as that of 
Golgi, of which there are several modifications, consists in so 
treating the tissue with a silver salt and other reagents that 
while the mass of the tissue is rendered clear and transparent the 
course of the fibres, and especially of the very fine fibres is marked 
out by black lines consisting of reduced and deposited silver. By 
this method we learn that the longitudinal fibres of the white 
matter give ofi^. generally at right angles, exceedingly fine 
branches, known as collaterals, which running transversely pass 
into the grey matter and there end in a manner to be described. 
Owing to the relative abundance of the white refractive medulla, 
the white matter possesses in fresh specimens a characteristic 
opaque white colour ; hence the name. The grey matter from the 
relative scantiness of medulla has no such opaque whiteness, is 
much more translucent, and in frewh specimens has a grey or 
rather pinky grey colour, the reddish tint being due to the 
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presence partly of pigment and partly of blood, for the blood 
vessels are much more abundant in the grey matter than in the 
white. 

The pia mater which closely invests the cord all round consists 
of connective tissue, fairly rich in elastic elements and abun- 
dantly supplied with blotjd vessels; it is indeed essentially a 
vascular membrane and furnishes the nervous elements of the 
cord with their chief supply of blood. It sends in at intervals 
partitions or septa of the same nature as itself radiating towards 
the central grey matter. The narrow dorsal (posterior) fissure is 
completely filed up by a large septum of this kind, indeed as we 
have said is in realitya large septum not a fissure; but the ventral 
(anterior) fissure is too wide for such an arrangement ; the whole 
membrane dips down into this fissure, following the surface of the 
cord and being reflected at the bottom. From these primary 
septa, secondai^ finer septa still composed of ordinary fibrillated 
connective tissue, carrying blood vessels, branch off; but these are 
soon merged into the peculiar supporting tissue called, as we have 
aaid, neuroglia. This consists in the first place of small branching 
eella, lying in various planes. The branching is excessive, so that 
the body of the cell is reduced to very small dimensions, indeed 
at times almost obliterated, the nucleus disappearing while the 
numerous branches are continued as long fine filaments or fibres 

fursuing a devious but for the most part a longitudinal course, 
n the second place these cells and fibres or filaments are im- 
bedded in a homogeneous ground substance. Relatively to the 
fibres and ground substance the bodies of the cells (which are 
called Deiter's cells), especially bodies such as bear ubvious nuclei, 
are very scanty ; hence in sections, especially in transverse 
sections, of the cord the neuroglia has often a dotted or punctated 
appearance, the dots being the transverse sections of the fine lon- 
gitudinally disposed fibres imbedded in the gi-ound substance. 
Examined chemically the neuroglia is found to be composed not 
like connective tissue of gelatine, but of a substance whico appears 
to be closely allied to Keratin, the chief constituent of homy 
epidermis, hairs and the like, § 435, and which has therefore been 
called neurokeratin, (see also § 6S). And indeed this neuroglia, 
though like connective tissue a supporting structure, is not, like 
connective tissue, of mesoblastic, but of epiblastic origin. The 
walls of the neural canal of the embryo which are transformed 
into the spinal cord of the adult consist at first of epithelial, 
epiblastic cells ; and while some of these cells become nervous 
elements, others become neuroglia. The epithelial cells which are 
destined to form neuroglia become exceedingly branched, while 
their originally protoplasmic cell-substance becomes transformed to 
a large extent into neurokeratin. 

The neuroglia fiiis up the spaces between the radiating larger 
septal prolongations of the pia mater and the finer branched septa 
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^^H which Btarting from tbe larger ones cany minute blood Teasels into 

^^H the interior of the white matter. In these spaces it is so arranged 

^^B as to form delicate tubular cauals, of very variable size, rumiiug 

^^m for the most part in a longitudinal direction. Each of these tubular 

^^V canals is occupied by and wholly filled up with a meduUated 

^^H serve fibre of corresponding size. A medullated nerve fibre of the 

^^H vhite matter of the spinal cord resembles a medullated nerve 

^^B fibre of a nerve (§ 68) in being composed of an axis-cylinder and a 

^^H medulla; but it possesses no primitive sheath or neurilemma. 

^^H This is absent and indeed is not wanted; the tubular sheath of 

^^H neuroglia affords in the spinal cord (and as we shall see in the 

^^H central nervous system generally) the support which in a nerve 

^^^B is afforded by the neurilemma. Nodes are, according to most 

^^H aathore, absent, but some say they are present. 

^^^1 The white matter of the cord consists then of a more or less 

^^V eolid mass of neuroglia, having the structure just described, which 

^^^ is permeated by minute canals, some exceedingly fine and carrying 

very fine fibres, 2^ or even leas, others larger and carrying fibres 

up to the size of 15/* or even more. This mass is further broken 

up into areas by the smaller and larger vascular connective-tissue 

septa with the edges and endings of which the neuroglia is 

continuous. Most of the nerve-fibres, as we have said, run 

longitudinally and in a transverse section of the cord are cut 

transversely; as we shall see fibres, more especially very fine 

fibres and in particular ' collateral ' fibres, are continually pa.<<sing 

into and out of the white matter, and in so doing take a more or 

iless transverse course ; but by far the great majority of the readily 
visible fibres, and the neuroglia canals in which these lie run in a 
longitudinal direction. On the outside of the cord below the pia 
mater the neuroglia is developed into a layer of some thickness 
from which nerve fibres are absent ; this is often spoken of as an 
inner layer of the pia mater; but being neuroglia and not con- 
nective tissue is of a different nature from the pia mater proper. 
A layer of this superficial neuroglia also accompanies the larger 
septa, and a considerable quantity is present in the large septum 
CMled the dorsal fissure. 
The pia mater carries not only blood vessels but also lymphatics ; 
of these however we shall speak when we come to deal with the 
Tascutar arrangements of the whole of the central nervous system. 
§ 664. In the grey matter we may distinguish the larger, 
more conspicuous nerve-cella and the rest of the grey matter in 
which these cells lie. We have already (§ 99) descrioed some of 
the general features of these nerve-cells; but they must now be 
dealt with in greater detail. Our knowledge of the characters of 
these cells has of late years been greatly extended by the appli- 
cation of the silver method of Golgi and also of the methylene-blue 
method. When methylene-blue is injected into a living animal, 
certain cells take up and are stained by the colouring matter, and 
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by this means are clearly marked out from the other elements of 
the tissues which do not so stain. Among the cells which so 
stain, are the cells of the central nervous system. It is necessary 
for the reaction that the cells should be living ; they do not take 
up the methylene -blue and do not stain in the same way when they 
are dead. The silver method and the methylene-blue method applied 
to the central nervous system give very concordant results and 
have led to the following conclusions concerning the features of 
the nerve-celts belonging to it. 

The body of each cell (Fig, 97) is prolonged into processes of 
two kinds. The one kind of process, and in at least the vast 
majority of cells only one such process is present, becomes the 
axis-cylinder of a nerve-fibre and is spoken of as the asis-cylinder 
process ; it has also been called the neuraxo7i or the axon. As a 
rule this kind of process runs a long course without dividing, 
though while within the central nervous system it may give off 
collaterals ; but in some instances it may divide into a large 
number of branches at no great distance from the body of the 
cells of which it is a process. A typical axon is that of one of the 
cells in the ventral horn, which becoming the axis-cylinder of one 
of the fibres of the ventral root runs an undivided course until it 
reaches a skeletal muscle, in which after some division, it ends in 
certain end-plates of the muscle. 

The other kind of process, and a cell usually has several such, 
divides very rapidly, at no great distance from the nucleus of the 
cell, in a dendritic fashion, into a number of fine branches which 
appear to end abniptly, without becoming actually continuous 
with any other stnictures. It has been suggested that the pro- 
cesses of this kind do not carry out nervous actions but serve 
simply for the nourishment of the cell ; hence they have been by 
some called protoplasmic processes. But there is no real foundation 
for this ^iew ; the evidence is distinctly in favour of their taking a 
share in nervous actions, and it is better to adopt another term 
which has been used, dendritic processes or, shortly, dendrites. 
Hence a tj-pical nerve cell of the central nervous system may be 
described as consisting of a body surrounding the nucleus and 
prolonged into processes of which one is the axis-cylinder process, 
neuraxon, axon, and the others are dendrites. It will be convenient 
to distinguish by a separate name between the processes whether 
axon or dendrite, and the part from which these processes start, 
namely the body of the cell surrounding the nucleus ; the latter 
might be called the perikaryon^. 

The axon if it leaves the spinal cord ends in one or more end- 
plates or in other terminal organs. If, as is the case with a large 
number of cells, the axon continues to run and finally ends in the 
central nervous system, its mode of termination as well as that of 
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the collatemlci to which it may give rise is in the form of aa 
arborescent tuft, which is applied to the body or dendrites of some 
other cell. So far as our present knowledge goes we are led to 
think that the tip of a twig of the arborescence is not continuous 
■with but merely in contact with the substance of the dendrite or 




Flo. 97. DuatuM or a Nboiwn with Perikahion, Desuriteb (.l.rf.rf.) and Axoit. 

The perikaryon contains nucleas (n), pigment (;i)iiiiilchromiilic sabstanoe (f Ar). 
Note the absence of tlie latter from Ibe sion. The axon acquiree a mjelin sheath 
(a'), then, outside the cord, a primitive sheath (a"). 

A, is the termination of the axon of anolhei cell approaching close to the 
per^ar7on and dendrites of the neuron figured. 

cell-body on which it impinges. Such a special connection of one 
□erve-cell with another might be called a at/napais'. 

There are reasons for believing, though the matter is not one 
definitely proved, that in the ordinary action of the cell, nervous 
impulses pass along the axon centrifugally from the cell, and along 
the dendrites centripetally to the body of the cell surrounding 

' From fir and irru oUBp. 
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the nucleus. Hence we may suppose that nervous impulses oi' 
influences sweeping along the axon of one cell are brought to 
bear through the terminal arborisation of the axon or that of a 
collateral, on the dendrites of another cell, setting up in thoae 
dendrites uervoua changes, wbich passing to the body of that cell 
issue in turn along its axon. And it has been suggested that the 
lack of continuity between the material of the arborisation of the 
one cell and that of the dendrite (or body) of the other cell offers 
an opportunity for some change in the nature of the nervous in- 
fluence as it passes from the one cell to the other. But this must 
be regarded at present as a useful suggestion rather than aa a 
definitely proved truth. 

So far as we know, these features, namely the possession uf 
an axon on the one hand and of dendrites on the other, are 
common to all the nerve-cells of the central nervous system ; they 
may be more readily recognised in the larger, more conspicuous 
cells but are present also in the smaller ones. 

The cell -substance of a nerve-cell, large enough to be studied 
conveniently, presents an appearance which may be spoken of 
under the general term ' granular ' ; it often however bears marks 
of fibrillation, the fibrillse seeming to sweep into or out of the 
processes. When treated with staining reagents the whole of the 
cell-substance does not stain alike ; there are usually in the cells 
different kinds of material, staining differently, and sometimes this 
is conspicuously the case. The exact appearances and staining 
reactions of the cell-substance vary much in different specimens 
and appear to depend on the circumstances affecting the cell. 
Among these circumstances must be placed the previous activity 
or quiescence of the cell ; but to this point we shall return in 
another place. 

Such nerve-cells form, however, a part only, and in most 
regions of the cord the smaller part, of the whole grey matter. 
In a transverse section from the thoracic region (Fig, 96) a few 
only of these nerve-cells are seen in the whole section, and though 
they appear more numerous in sections from the cervical and 
especially from the lumbar regions (Figs. 99, 100), yet in all cases 
they occupy the smaller part of the area of the gi"ey matter. The 
larger part of the grey matter consists, besides a neuroglia sup- 
porting the nervous elementa. of nerve filaments running in various 
directions and forming, not a plexus properly so called, but an 
interlacement of extreme complesity. The constituents of this 
nervous tangle as seen in a transverse section may be briefly 
described as follows. It consists in part of the terminal portions 
of the dendrites of nerve-cells ; these cannot in a section be traced 
distinctly very far from the body of the cell, they are lost to view 
in the tangle. It will be understood of course that in a section a 
large part of this constituent of the grey matter will belong to cells 
whose bodies are not seen in the section, since these he either 
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above or below the plane of the section, their dendrites alone, and 
only 80tne of these passing into the section. To these terminal 
porlioDs of dendrites of nerve-cells are attached the temiinal 
arborisations of certain axons, belonging to cells which ae we have 
said may be a long way off. These deodritea and the arborisations 
in contact with them both form as it were the basis of the tangle of 
grey matter ; but they form only a part and indeed a small part 
of it. To this we must add a number of naked axis-cylinders, 
axons, of various sizes, some large, some quite small, running in 
various directions ; of these some are about to end immediately in 
arborisations, others are simply sweeping through the portion of 
grey matter under view, on their way to some other part of the 
grey matter or to the white matter. The above ai-e all non- 
medullated nervous elements. There are also ptesent, in relatively 
large numbers, the particular fine meduUated fibres of which we 
spcke above; of these, which also run in various directions, some 
are collaterals, and while some are soon about to end, losing their 
sointy medulla, in arborisations lying in the section, or close to it, 
others are on their way to iither, it may be, distant connections. 
Lastly there are present a certain number of ordinary medullated 
fibres, some of even large size; these running also in various direc- 
tions may be considered as simply passing through the grey matter 
under view on their way to other parts. All these several elements, 
some being terminal and forming a basis, others coming in to end 
in that basi.i, and yet others simply passing through it on their way 
elsewhere, all intricately interwoven, all supported in a bed of 
neuroglia, make up with the obvious well-defined nerve-cells what 
we call the grey matter. It should be added that besides the 
nerve-cells spoken of above, which, though of various sizes, are all 
large enough for their features lo l>e readily recognized, a number 
of other cells of very small size, some of which at all events must 
be regarded as true nerve-cells, are present in the grey matter. 

The neuroglia in «hich all these structures, nerve-cells, fine 
medullated ucrve-tibres, naked axis-cylinders and fine filamentt, 
are imbedded is identical in its general characters with that of 
the white matter, but. as naturally follows from the nature of the 
nervous elements which it supports, is differently arranged. In- 
stead of forming a system of tubular channels it takes on the form 
of a spouge-work with large spaces for the larger nerve-cells and 
fine passages for the nervous filaments. At the junction of the 
grey matter with the white matter, the neuroglia of the one is 
continuous with that of the other, and the connective -tissue septa 
of the latter nm right into the former; the outline of the grev 
matter is not smooth and even, but broken by tooth-like processes 
due to the septa. Since, as we have just said, some of the true 
Derre-celts are veiy small, and since the nerve filaments like the 
ceuroglia fibi^s are very fine and take like them an irregular 
course, it often becomes very difficult in a section to determine 
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exactly which is neuroglia and which are nervoiia elements. The 
neuroglia cells may however be distinguished perhaps from the 
smaller nerve-cells by their nuclei not being bo conspicuous or 
so relatively large a^ in a nerve-cell, and by their staining 
differently. 

The grey matter then may be broadly described as a bed of 
neuroglia, containing a certain number of branching nerve-cells, 
for the most part though not exclusively large and conspicuous, 
but chiefly occupied by what is not so much a plexus as an 
intricate interweaving of nerve filaments running apparently in 
all directions. It may be added that the grey matter is well sup- 
plied with blood vessels, these being in it, as stated above, relatively 
much more numerous than in the white matter, 

§ 566. The central canal is lined by a single layer of columnar 
epithelial cells, which are generally described as bearing cilia; 
but it is not certain that the processes which may be seen project- 
ing from the surfaces of the cells are really cilia. These epithelial 
cells rest not on a distinct basement membrane but on a bed of 
neuroglia, free apparently or nearly so from nervous elements, 
which surrounds the central canal and is sometimes spoken of as 
the substatUia gelatinosa centralis (Fig. 96, c. g. s.). The attached 
bases of the epithelial cells are branched or taper to a filament, 
and become continuous with the branched cells or fibres of the 
neuroglia below. As we said above the neuroglia elements are 
transformed epithelial cells; and the continuity of the cells, which 
retaining the characters of epithelial cells form a lining to the 
canal, with the cells which have become branched and lost their 
epithelial characters indicates the epithelial origin of the latter. 

The central canal with the surrounding area of neuroglia 
forms the central part of the isthmus uniting the two lateral 
halves of the cord. Dorsal {posterior) to this central mass lies the 
posterior grey commissure (Figs. 96, p. g. c, 99, 100), composed 
chiefly nf fine filaments running transversely, and ventral 
(anterior) to it lies first the thinner anterior grey comwiaaure 
(Figs. 96, a. g. c, 99, 100) of a similar nature, and then the 
relatively thick white commissure (Figs. 96, a. c, 99, 100) which 
is formed by medullated fibres crossing over from one side of 
the cord to the other, aud thus constitutes a decussation of 
fibres along the whole length of the cord. On each side, the 
central mass of neuroglia of which we are speaking gradually 
merges into the central grey matter of the corresponding lateral 
half. 

The end or head (caput) as it is frequently called of the dorsal, 
posterior horn is occupied not by ordinary grey matter, but by a 
peculiar tissue, the substantia gelatinosa of Rolando, vhich forms 
a sort of cap to the more ordinary grey matter differing in 
size and shape in different regions of the cord. Gf. Figs. 96, 99, 
100 s.g. In carmine and some other modes of preparation it is 
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frequently ataincd more deeply thiiii is the ordinary prey matter, 
and in such preparations is very conspicuous. It may be described 
as consisting of a somewhat peculiar neuroglia traversed by fibres 
of the dorsal, posterior root, and containing a large number of cells, 
which, for the most part small, the cell-bodies being smalt relatively 
to the nuclei, are not all alike, some being probably nervous and 
others not. It takes origin from the cells forming the immediate 
walls of the embryonic medullary canal. In the embryo, this 
canal ia relatively wide, though compressed from side to side, and 
in transverse sections of the medullary tube appears at a certain 
stage as a narrow oval slit placed vertically, and reaching almost 
from the dorsal to the ventral surface. The dorsal part of this 
long slit is later on closed up by the coming together of the walls 
and the obliteration of the greater part of tlie cavity, leaving the 
ventral part to form a circular canal, which by the development 
of the ventral columns assumes the central position. During this 
closure of the dorsal part of the canal a mass of the cells lining 




FlO. 98. DliOOAH TO ILLCSTHITE THE NITCIW OP THK SuBSTAKOK OF BoUNPO. 

The figures are pnreij' diai^rsmmalic and are Dot drawn to the Bame soale. in 
all three figures the grey oiatler is shaded with fine lines and the white matter 
with dots. 

A. tranavene aection of the lonec end of the oonus medullaris in man. ;. epithe. 

liom lining the medullary canal, .r. lateral expansion of the canal. 

B. tnuuTerae section of the spinal cord o( the calf in the lower thoracic region. 

r. anbstance of Rolando, c. central canal. 

C. (ranivarse section through mid thoracic region of cord in man. r. aubataaoe of 

Bolando. 

the canal is cut from the rest on each side, and during the subse- 
qiient growth takes up a position at the end of the dorsal honi. 
Hence, though it never apparently contains any cavity, the sub- 
stance of Rolando may be regarded as an isolated portion of the 
walls of the meiluUary canal, which has undergone a development 
somewhat different from that of the portion which remains as 
the lining of the central canal Traces of this origin may be seen 
even in trie adult. Thus in the lower end of the cord, in what we 
shall speak of presently as the contis rttedullarts, the central canal 
widens out dorsally. and in section (Fig 98. A) presents on each 
aide a bay a-, stretching out towards the position of the dorsal 
At this region of the cord, though both white and grey 
matter are developed on the ventral surface, the p<iaterior columns 
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THE Level or the Bixtb Ckbviol Nerve. (Sherringtoo.) 
This ig diavQ on tbe same scale u Fig. 90, that is, magnifled 16 times. 
r, /. I. lateral reticular farmatiou. r. f. p. posterior leticuUr foimatiou. p'. fine 
fibres of lateral bundle of the poatenor root ; p". p'" fibrei of meilian handle 
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of posterior root, eotaring gre; m&tter from eiteiaal posterior columo. x. grey 
matter of posterior horn. Sp. a. buodlea of Gbrea betnasiog to tbe spioal 
acccBBOi; nerve aaA issuing from the cell-group in the ventral boni marked 
Sp. a.; in the lateral reticular formation the; arc seen cut transversety. b. it 
» iwtiiral septum of oonnective tissue marking out the cerebellar tract C.T. 
bota the crossed pyramidal tract C.F.T. t. t. zona spongiosa. 2 a, ^, lateral 
eelli of the anterior horn. 5. Cells in the region of the lateral roticulu 
formation. The other letters of refereDce are the same as in Fig. Qli. 

do Dot meet od the dorsal surface, but leave the central canal 
covered only by tissue which perhaps may be called neuroglia, but 
if of peculiar nature and origin. In the calf, in a part of the 
thoracic region the substance of Rolando i,s not confined to the tip 
of the dorsal, posterior hum, but ia continued to meet its fellow in 
the middle line. Fig. 98, B. If we imagine the dorsal portion of 
the canal oi A to be cut ofif from the ventral portion, its cavity to 
be obliterated, and the lining epithelium with some of the sur- 
rounding elements to undergo a special development, the condition 
in B is reached by the growth of the posterior columns. From B, 
the transition to the normal state of things as in 9H, C, is a very 
alight one. The extreme dorsal tip of the horn being of a more 
Opel) texture than the substance of Rolando is sometimes called 
the eona spongiosa. 

§ 666. The grouping of the nerve-cells. The nerve-cells, at all 
events the cells which are large enough to be easily and without 
doubt recognized to be nerve-cells, form, as wo have seen, only 
a part of the grey matter, and in some parts of the cord, in the 
thoracic region for instance, are so sparse that in a section of the 
spinal cord in this region thin enough to shew its histological 
features satisfactorily, the bodies of a few only of such cells are 
visible (Fig. 96); the greater part of the grey matter consists 
not of the bodies of conspicuous nerve-cells, but of a mass of 
fibres and fibrils passing apparently in all directions. In the 
Cervical (Fig. 99) and especially in the lumbar (Fig. 100) regions 
the nerve-cells are both absolutely and relatively more abundant ; 
but even in a section taken from the lumbar region the nerve- 
cells, all put together, form the smaller part of the whole area of 
grey matter. Moreover, in respect of the number of cells all the 
sections of even the same region iif the cord are not alike. Seeing 
that the cord may be considered as growing out of the fusion of 
a series of paired ganglia, each ganglion corresponding to a nerve, 
cf. § 96, we may fairly expect to find the fusion not complete, eo 
that the nerve-cells would appear more numerous opposite a 
nerve than in the middle between two nerves. In some of the 
lower animals this arrangement is most obvious, and there are 
some reasons for thinking that even in man the nerve-cells are 
metamerically increased at the level of each nerve. 

Even when casually observed it is obvious that the nerve-cells 
are not scattered in a wholly irregular manner throughout the grey 
matter, being for instance much more conspicuous m the ventral 
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horn than elsewhere ; and more careful observation allows us to 
arrange them to a ceiiiain extent in groups. 

The cells 0/ the ventral horn are for the most part large 
and conspicuous, 67/a to 135;i in diameter, branch out in various 
directions, and present an irregular outline in sections taken in 
different planes. We have reason to think that every one of them 
possesses an axis-cylinder process which, in the case at all events 
of most of the cells, passing out of the grey matter becomes a fibre 
of the adjacent antenor root. They are obvious and conspicuous in 
all regions of the cord, though much more numerous and individually 
larger in the cervical and lumbar enlargements than in the thoracic 
region. We may further, with greater or less success, divide them 
into separate gn>ups. 

In the cervical and lumbar regions a fairly distinct group of 
cells is seen lying on the median side of the grey matter close to 
the anterior column (Figs. 99, 100, 1). This may be called the 
median group. It appears also in the thoracic region (Fig. 96, 1); 
indeed the question arises whether all the cells of the ventral 
horn in this region do not belong to this group. The other 
cells 80 conspicuous in the lumbar and cervical enlargementa, 
and therefore probably in some way associated with the limbs, 
may be spoken of aa forming altogether a lateral group or limb 
group ; but we may, though with some uncertainty, subdivide 
them into two or three groups. Thus in the lumbar region a 
group of cells (Fig. 99, 2^) Ijing near the lateral margin of the 
more dorsal part or ha^ of the horn may be distinguished, as a 
dorso-lateral subgroup, from the cells occupying the ventral lateral 
corner of the horn and forming a ventro-lateral subgroup (Fig. 
100, 2j9) ; and the same distinction, though with less success, may 
be made in the cervical region (Fig. 99). Further, we may 
peFhap.s in both regions distinguish a gi-oup of cells placed in the 
Inmbar region in the middle of the horn as a central subgroup 
(Pigs. 99, 100, 2a). But, in all cases, the separation of these cells, 
which we have spoken of as a whole as lateral cells, into minor 
groups, is far less distinct than the separation of the median group 
irom these lateral cells, especially if we admit that in the thoracic 
region, the median group is alone clearly represented. 

In the thoracic region a group of rather smaller cells is seen 
at the base of the anterior horn, near to the junction with the 
isthmus (Fig. 96, 7). In the cervical and lumbar region these cells 
are very scanty (Figs. 99, 100, 7). 

The cells of the dorsal hoiii contrast strongly with those of 
the anterior horn in being few, and for the most part small. 
They are branched ; and, like the cells of the ventral horn, each 
possesses an axis-cylinder process, though this is not easily de- 
termined without special preparation ; the processes do not run 
out to join the dorsal root as do the corresponding processes in 
the ventral horn and therefore are not so readily seen. These cellp 
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occur in all regions of the cord, and appear to be arranged into 
two more groups. The lateral margin of the dorsal hom, at about 
the middle or neck oC the horn, is along tbe whole length of the 
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cord, but. eepecially in the cervical region, much broken up by 
bundles of fibres pacing in various directions and forming au open 
network, called the lateral reticular formation (Figs. 99, 100, r.f. 
lat). In all regions of the cord a number of cells are found 
associated with this reticular formation, forming the group of the 
lateral reticular formation (Figs. 99, 100, 5). In all regions of the 
cord also a group of cells (Figs, 96, 99, 100, 6) is found in that part 
of the horn where, a little ventral to the substance of Rolando, the 
uniform field of grey matter is broken up into a kind of network 
by a number of bundles of white fibres running in various direc- 
tions. This network has also been called a reticular formation, 
and has received the name of posterior reticular formation (Figa. 
9y, 99, r.f. p.) to dietinguish it from the lateral reticular forma- 
tion just mentioned ; the two however in some regions (see Fig. 
96) join each other, and thus cut off a ventral portion of the 
dorsal horn containing nerve-cells from a dorsal portion, x in 
Figs. 98. 99, in which no obvious or conspicuous nerve-cells are 
present. 

The groups of cells just mentioned with the restrictions and 
modifications spoken of occur along the whole length of the 
cord ; but the group of cells to which we must now call attention 
is almost confined to a special region of the cord, or at least 
is but feebly represented elsewhere. In the thoracic region, 
especially in the lower thoracic region (we shall return to the 
limits of the group later on) at the oase of the dorsal horn (Fig. 
96, 3) just ventral to the curve formed by the posterior grey 
commissure as this bends dorsally to join the dorsal horn, is 
seen on each side of the cord a conspicuous group of cells known 
as Clarke's column or the posterior vesicular column or vesicular 
cylinder. The cells composing this group, though varying in 
size at different levels, are rather large cells, and are for the 
most part fusiform, with their long axis placed lengthways along 
the cord, so that in transverse sections they often appear to have 
a rather small round body. They are surrounded by and as it 
were imbedded in a mass of fine fibres, the area of which is 
indicated by a dotted line in Fig. 96. 

Also conspicuous in the thoracic region is another group of 
cells lying on the outer side of the middle of the grey matter at 
about the junction of the ventral and dorsal horns. This is known 
as the intermedio-lateral tract and is sometimes called the lateral 
horn (Fig. 96, 4). The cells composing it ai-e somewhat small 
spindle-shaped cells with their long axis placed transversely. The 
group is conspicuous as we have said in the thoracic regions ; it 
may be recognized in the lumbar region (Fig. 100, 4), but in 
the cervical region becomes conftised with the most dorsally 
placed or lateral subgroup of the ventral horn. We shall however 
have to return to these groups of cells when we come to speak of 
the differences between the several regions of the cord. 
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§ 667. The tracts of fvhite maUer. At first sight the white 
matter of the cord appears to be of uniform nature. We can use 
the nerve roots to delimitate the anterior, posterior and lateral 
columns, but we appear to have no criteria to distinguish pai-ts in 
each column. In the cervical and upper thoracic regions of the 
cord, a septum (Fig. 96. a.) in the posterior column, somewhat 
more conspicuous than the other septa, has enabled anatomists 
to distinguish an iniier merlian portion, the median ponterior 
column, commonly called the postei-o-viedian colwmn or column of 
6oU (Fig. 9tJ, m. p.), from an outer lateral portion, the external 
posterior column, commonly called the postero-extemal column or 
column of Burdach (Fig. 96, e. p.), the lateral part of which, nearer 
the grey matter, has, for reasons which we shall see later on, 
been called the posterior root-zone. But beyond this neither the 
irregular septa nor other features will enable us to distinguish 
one part of the white matter as ditferent in nature from another. 
Nor have we better success when with the scalpel we attempt to 
unravel out the white matter into separate strands. Nevertheless 
we have convincing evidence that the white matter is arranged in 
atrandfi, or tracts, or columns, which have different connection? 
at their respective ends, which behave diflFerently under different 
circumstances, which we have every reason to believe carry out 
different functions, but which cannot be separated by the scalpel 
because each of them is more or less mised with 6bres of a 
different nature and origin. The evidence for the existence of 
these tracts is twofold. 

One kind of evidence is erabryological in nature. When a 
I nerve fibre is being formed in the embryo, either in the spinal 
\ cord or elsewhere, the essential axis-cylinder is formed first and 
the less essential medulla is formed later. Now when the develop- 
j mental history of the spinal card is studied it is found that, in 
I the several regions of the cord, all the fibres of the white matter 
[ do not put on the medulla at the same time. On the contrary, 
I in certain tracts, the medulla of the fibres makes its appearance 
I early, in others later. By this method it becomes possible to 
[ distinguish certain tracts from others. 

Another kind of evidence is supplied by facts relating to the 
degeneration of the fibres of the white matter. We have seen 
(§ 561) that the degeneration of a nerve fibre is the result of the 
separation of the fibre from its trophic centre, and that while 
the trophic centre of the atfercnt fibres is in the ganglion on the 
posterior root, that of the efferent fibres is in some part of the 
spinal cord. In the case of the efferent fibres the degeneration 
might be spoken of as descending from the spinal cord to the 
muscles or other peripheral organs. In the case of the afferent 
fibres of the trunlc of the nerve, the degeneration is also one 
descending from the ganglion down to the skin or other peri- 
pheral organ. When however the section is carried through the 
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posterior root of a. spinal nerve, the degeneratioQ takes place in 
the part of the nerve between the section and the spinal cord, it 
runs up from the section to and into the apiual cord, and may 
therefore be called an ascending degeneration. Thus we may say 
that when a nerve trunk or when a nerve root is cut completely 
across, all the fibres which are thereby separated from their trophic 
centres degenerate. When the nerve trunk is divided all the 
fibres below the section undergo descending degeneration. If 
the ventral root be cut across, all the fibres of the root below the 
section undergo descending degeneration. If the dorsal root be 
cut across, all the fibres of the rout above the section undergo 
ascending degeneration with the exception of certain fibres which 
do not degenerate at all, and of which we shall speak later on. 

When the spinal cord is cut across, for instance in the thoracic 
region, all the fibres of the white matter do not degenerate either 
in the part of the cor-d above the section or in the part below. 
Some fibres, and indeed some tracts of fibres degenerate, and some 
do not. Further, some tracts degenerate in the cord above the 
section, and thus undergo what has been called an ascending 
degeneration ; other tracts degenerate in the cord below the 
section, and thus undergo what has been called a descending 
degeneration. These terras must however be used with caution. 
When a nerve trunk is cut across, the degeneration actually 
descends, in the sense that the progress of the degenerative 
changes may be traced downwards; they begin at the section 
and travel downwai'ds at a rate sufficiently slow to permit a 
difference being observed between the progress of degeneration at 
a spot near the section and that at one farther otf. After section 
of or injury to the spinal cord, however, it is not possible to 
trace any such progress either upwards or downwams; in the 
tracts both above and below the section or injury, degeneration 
either begins simultaneously along the whole length of the 
degenerating tract, or progresses along the tract bo rapidly 
that no differences can be ooserved as far as the stage of de- 
generation is concerned between parts near to and those lar 
from the section or injury. When, for instance, the cord is 
divided in the cervical region, subsequent examination of the 
tracts of so-called descending degeneration shews that the da- 
generation is as far advanced in the lumbar region far away 
from the section as in the cervical region just below the section. 
Applied to the spinal cord, therefore, the term descending de- 
generation means simply degeneration below the seat of injury 
or disease, ascending degeneration means simply degeneration 
above the seat of injury or disease. We may add that the 
histological features of the degeneration of fibres in the spinal 
cord are not wholly identical with those of the degeneration 
of fibres in a nerve trunk. Thus, the neunlemma with its nuclei 
being absent from the fibres of the cord, no prolifei-atiou of nuclei 
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takes place ; the axis-cylinder and medulla simply break up, are 
absorbed and disappear. 

Similar degenerations, ascending, or descending, or both, are 

a when the section is not carried right through the whole 
cord, but particular parts of the cord are cut through or simply 
injured. And similar degenerations occur as the consequences 
of disease set up in parts of the cord. 

In this way tne results of sections of or of other injuries to or 
of diseases of the spinal cord have enabled iis to mark out certain 
tracts of the white matter as undergoing degeneration and others 
B8 not, and moreover certain tracts as undergoing descending and 
others as undergoing ascending degeneration. Further, the delimi- 
tation of tracts of white matter by the process of degeneration 
agrees so well with the results of the embryological method as to 
leave no doubt that the white matter does consist of tracts which 
differ from each other in nature and in function. 

The several tracts thus indicated vary in different regions 
of the cord. They may be broadly described as follows. 

I. Descending tracts, that is to say, tracts which undergo a 
descending degeneration in the sense noted above. 

The roost importaut and conspicuous is a large tract (Fig, 101, 
or. P.) occupying the posterior part of the lateral column, coining 
close upon the outer margin of the dorsal horn, and for the 
moat part not reaching the surface of the cord. We shall have 
to return to this tract more than once, and may here simply say 
timt it may be traced along the whole length of the cord from the 
p of the cervical region to the end of the sacrat region, that 
way be also traced right through the brain and indeed begins 
__ (be iurface of the cerebral hemispheres, and that it enters the 
iMcd from the brain through the structures called the pyramids of 
the bulb, which we shall study later on. These pyramids cross over or 
decussate as they are about to pass into the cord, forming what is 
known as the decussation of the pyramids, and the tract of fibres 
in question shares in this decussation. Hence this tract is called 
the crossed pyramidai tract or more simply the pyramidal tract. 

It is no less distinctly marked out by the embryological method. 
The fibres forming this tract acquire their medulla later than do 
all other fibres of the cord ; in the human embryo the medulla 
does not appear in them until about the end of the ninth month. 
See Fig. 102. 

A smaller, less conspicuous descending tract occupies the 
median portion of the anterior column (tig. \W,d. P.). This 
Ib not only much smaller but also much more variable than the 
orossed pyramidal tract, is not present in the lower animals, 
being found in man and the monkey only and being better 
developed in man than in the monkey, and reaches a certain 
way only down the spinal cord, generally comitig to an end in 
the thoracic region. It too conies down from the pyramid, and 
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is a contimiation of that part of the pyramid which unlike the 
rest does not decussate in the bulb ; thus the tract which comiug 
down from the left side of the braiu runs in the left pyramid in 
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The desoeading traots tiaotB of descending degeneration are ahaied with lines 
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CT.P. crossed pyramidal tract, or more slioitl; pyramidal tract. li.P. direct 
pyramidal tract, shaded ou the side opposite to that on which cr.P. is shaded. 
in order to indicate tbe difference of the two as to ciossing. P', idiolateral 
degeneration in pjiamidal tract, deic.l. the antero -lateral descending tract, 
Tbe area, shaded, and marked d.c. in A, but left muhaded in B, is the Bmall 
descending tract or rather patch mentioned in the text aa observed, in certain 
TegiouB of the cord, in the external posterior colimrn t.m. C.b, oerabeltar 
tract. p.m. or t.lr. and c.r. together indicate the median postenoi tract or 
tract of fibres of the dorsal roota, c.r, representing, aa is explained more 
fully in the text, the brachial and >.(r. the sacral, inmbar and tborocio roots. 
aica.l. the antero-lateral ascending tract. The small area at the tip of 
the posterior horn, marked L, is the posterior marginal zone or Lisaauer's 



the bulb, passes down into the left anterior cohimn of the cord. 
Hence this smaller tract is called the direct pyramidal tract. 

Moreover it has been observed that an injury, which gives rise 
to descending degeneration in the crossed and direct pyramidal 
tracts, for instance a lesion of one cerebral hemisphere, also causes 
descending degeneration in a number of scattered fibres which 
lie within an area having the same situation hs that of the crashed 
pyramidal tract in the lateral column except that it is not on 
the crossed side, contralateral, but like the direct pyramidal tract 
on the same side, idiolateral (Fig. 101. p). Hence what we may 
in its entirety call 'the great pyramidal tract' as it passes from 
the brain to the spinal cord divides at the pyramids into three 
parts. One part, and that by tar the greater part, crosses over 
to the other side, takes a contralateral course, and becomes the 
crossed (lateral) pyramidal tract, a second smaller part remains 
on the same side, takes an idiolateral course and becomes the 
direct (ventral) pyramidal tract, while the remaining third also 
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iakea an idtolatei-al course, but runs in the lateral column and 
becomea the uncrossed lateral pyramidal tract, the fibres com- 
posing it being scanty and scattered. 
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The pyramidal tract is the must conspicuous and important 
* descending tract, but names have been given to two other de- 
wending tracts. One. known as the antero-lateral descending tract, 
is a large tract placed iu the an t«ro- lateral column, and seen in 
•ection (Fig. 101, desc. I.) as an elongated area stretching from the 
' pyramidal tract towards the anterior column and reaching at times 
I Be far as the ventral fissure. The area is large, however, bccatise 
I the tract is very diffuse, that is to say, the fibres with descending 
d^^neration, or fibres which degenerate below the section or 
injury, are very largely mixed up with fibres which do not 
so degenerate ; in this respect this tract contrasts with the crossed 
m-ramidal tract, which is to a much greater extent composed of 
L fabres with desceuding degeneration, though even in it there are 
L S considerable number of fibres which do not degenerate. Indeed 
F Ais antero-lateral descending tract is so ditfuse that it hardly 
' deserves to be called a tract. 

The other is a small, narrow, comma-shaped tract (Fig. 101. x), 
situated in the middle of the external posterior column but 
limited to the cervical and upper thoracic regions, and has been 
called the "descending comma tract." But the degeneration 
reaches a short way only below the section or injury, and the 
liardly be considered as 
the other tracts. The area 



Svup of fibres thus degenerating i 
rmmg a tract comparable to th 




944 THE TEACTS OF WHITE MATTER. [Book hi. 

is iu part composed of the descending portions of certain fibres 
of the dorsal root, whicli, as we Bhall see, divide soon after 
entering the cord, into an ascending and a descending portion. 
But it contains also fibres which, starting from cells lying within 
the cord itself, take a de.'icending course. 

II. Ascending tracts, that is to say, tracts in which the 
degeneration takes place above the section or injury. 

A conspicuous ascending tract of a curved shape (Fig. 101, 
C.b.) occupies the outer dorsal part of the lateral column lying 
to' the outside of the crossed pyramidal tract, between it and the 
surface of the cord. It appears to begin in the upper lumbar 
region, being said to be absent from the lower lumbar and sacral 
cord, and may be traced upwards increasing in size through the 
thoracic and cervical cord to the bulb. In the bulb it may be 
traced into the restiform body or inferior peduncle of the cere- 
bellum, and so to the cerebellum ; for the restiform body serves, 
as we shall see, in each lateral half of the brain, as the main 
connection of the cerebellum with the bulb and spinal cord. 
Hence this tract is called the cerebellar tract or sometimes the 
direct cerebellar tract. The medulla appears in the fibres of this 
tract at about the beginning of the seventh month. 

A second important ascending tract occupies the median 
portion of the posterior columns (Fig. 101, c.r., s.lr.), and so far 
coincides with what we described above as the median posterior 
column, in the upper regions of the cord, that it may be called 
the viedian posterior tract; it extends along the whole length of 
the spinal cord, varying at different levels m a manner which we 
shall presently study, and ending above in the bulb. 

A third ascending tract, called the ascending antero-lateral tract, 
or tract of Gowers, occupies (Fig. 101, osc, a. I.) the outer ventral 
part of the lateral column. It has somewhat the form of a 
comma, with the head filling up the angle left between projecting 
portions of the cerebellar and pyramidal tracts, and the tail 
stretching away ventrally along the outer margin of the lateral 
column outside the antero-lateral descending tract, the end of 
the tail often reaching to the ventral roots. It may be traced 
along the whole length of the cord, but is not so distinct and 
compact a tract as the two ascending tracts just mentioned ; the 
fibres with ascending degeneration, that is to say, the fibres 
degenerating above the section or seat of injury, are very largely 
mixed with fibres of a different nature and origin. The medulla 
appears in the fibres of this tract at a relatively late period, 
during the eighth month. 

We may further remark that these several tracts differ from 
each other, in some cases markedly, as to the diameter of their 
constituent fibres. Thus the cerebellar tract is composed almost 
exclusively of remarkably coarse fibres. The median posterior 
tract, on the contrary, is made up of fine fibres of very equable size. 
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^^^H while the fibres of the antero-lateral asceodiag tract are of a size 
^^^B intermediate between the other two. The pyramidal tract on the 
^^^P other hand is made up of fibres of almost all sizes mixed together. 
^^^1 The tracts then which are thus marked out are, as descending 
^^H tmcts, the crossed and the direct pyramidal tracts, with the less 
^^^f distinct or important antero- lateral descending tract: and, as 
I ascending tracts, the cerebellar tract the median posterior tract 

and the less distinct antero-lateral ascending tract. If we suppose 
all these tracts taken away there is still left a considerable area 
of white matter, namely, nearly the whole of the external pos- 
terior column, the external anterior column, including the region 
traversed by the bundles of the ventral rrjots, and that part of the 
^^^ lateral column which lies between the antero-lateral descending 
^^L tract and the crossed pyramidal tract on the outside and the grey 
^^B matter on the inside. From this area of white matter we may put 
^^V on one side at present the external posterior column because, as 
^ we shall see, this column especially in its lateral part is largely 

composed of fibres of the dorsal root which leave it almost at 
once to pass to the grey matter; hence the alternative name of 
posterior root-zone. We may similarly leave for the present the 
small zone of white matter composed of very fine fibres known as 
the marginal tone or Lissauer's zone (Fig. 101, £.). lying dorsal and 
lateral to the tip of the dorsal horn and in the lower regions reaching 
lo the outside of the cord ; for this too belongs to the fibres of the 
dorsal root. If we take these parts away there remains an area of 
white matterimmediatelysurrounding the grey matter on its lateral 
and ventral aspects. This area is characterised by the feature that 
no tracts of either descending or ascending degeneration can be 
traced in it after section of or injury to the cord. This feature is 
due to the fact that the area is composed of fibres which starting 
from cells within the coi-d run for a very short distance only in the 
white matter and soon end in connection with some other cells also 
within the cord. Such fibres do degenerate, like other fibres, when 
eat away from their trophic cells, but since they run a very short 
Murse their degeneration can be traced for a short distance only 
'from the section or injury causing their degeneration. If we 
•lamine sections of a spinal cord immediatelt/ above or below the 
level at which the cord has been cut across or injured (Fig, 103) 
we find a considerable number of degenerated fibres more or less 
scattered over the area in question ; these are fibres, ascending or 
descending, which the section or injury has separated from their 
bophic cells. As in our examination we passed upwards or down- 
wards from the level of the section or injury we should find that 
^ese degenerated fibres rapidly diminished in number and finally 
disappeared. The absence of degeneration in the area in question 
at a distance from the level of a section or injury is not due as was 
once thought to the fibres of the area not degenerating when cut 
■ mway from their trophic centres or to their possessing second or 
F. III. 61 
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vicarious trophic centres, but eimpl^' to their running for a short 
distance only in the area. The area is composed of fibres providing 
short intraspinal paths from the grey matter of one part to some 
grey matter not far off, and hence contrasting strongly with the 
fibres forming the tracts of descending and ascending degeneration 
spoken of above, which pass to or from the coni from or to 
structures outside the cord itself and run long distances. The 
fibres composing the area acquire their medulla before any of the 
tracts mentioned above. It may be added that some of the fibres 
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forming the descending comma tract are like those of the area 
iD question, short, intraspinal fibres. 




Fio. 103 C. 

From the •ante exparlmenl u the preoediog aad drawn U> the tmtae Male but nt 
the Sad cervical level. The tame aigaa are used Tor denoting the degeDeration. 
The patch of degeneration in the dorsal qoIqidd ib atil) "bImoIdIc" in character, 
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the pjramidal tract. In man this is not bo. Vide Fig. 101. 

Compare tbese three charta with the diagrams given of the ipiaal tracts in 
Fig. 107. 
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§ 668. It may be as well perhaps to insist here once more, 
that when these several tracts or the libres running in the tracts 
are spoken of as ascending or descending, what is meant is that 
the degeneration takes place above the section or seat of injury or 
disease in the one case, and takes place below in the other. It 
has been supposed by many that the nervous impulses which 
these fibres severally carry, travel in the same direction as that 
taken by the degeneration, that the ascending tracts carry impulses 
from below upward, that is to say, carry impulses which arising 
from peripheral organs pass to various parts of the spinal cord or 
of the brain, that they are, in other words, channels of afferent 
impulses, and that conversely the descendiug tracts carry efferent 
impulses. To this view is often added as a corollary, that the 
tracts which do not degenerate at all carry impulses both ways, 
and hence cannot be considered as either afferent or efferent 
channels but simply as communicating channels. Upon this it 
may be remarked that impulses do not necessarily travel in the 
same direction as the degeneration ; when a spinal nerve trunk is 
divided the afferent fibres as well as the efferent fibres both 
degenerate io a descending direction towards the periphery, though 
the former carry impulses in the other direction. Hence the 
direction of degeneration is no proof of the direction in which 
impulses travel ; moreover, as we have seen, degenerati'm does not 
actually travel along the fibres of the spinal cord in the same way 
that it does along the fibres of a nerve trunk. It may be that the 
descending tracts do carry impulses in a descending direction, that 
is, efferent impulses, and that the ascending tracts serve to carry 
afferent impulses; but the proof that they do thus respectively 
act must be supplied from other facts than those of degeneration. 
Moreover, we shall have to return to these ascending and descending 
tracts and to study their behaviour along the length of the cord 
before we can use the facts concerning them as a basis for any 
discussion as to their functions. 

§ 669. The connections of the nerve-roots. If following a 
common view we regard the spinal cord as resulting from the 
fusion of a series of segments or metameres, each segment, 
represented by a pair of spinal nerves, being a ganglionic mass, 
that is to say a mass containing nerve-cells with which nerve- 
fibres are connected, we should expect to find that the fibres of a 
spinal nerve soon after entering in, or before issuing from the spinal 
cord are connected with nerve-cells lying in the neighbourhood of 
the attachment of the nerve to the co^. And this to a certain 
extent is actually the case, more especially in respect to the issuing 
nerve-fibres; but as regards the entering nerve-fibres such an 
arrangement is obscured by other developments. 

With regard to the ventral root, there can be no doubt that a very 
large proportion of the fibres in the root are continuations of the 
axis-cylinders or axons of the large cells in the ventral horn of the 
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^^H same side. The fibres which can thus be traced are of large diameter, 
^^H and appear to be chiefly if not exclusively motor Bbres for the 
^^H Bkeletal muscles. But the ventral root contains other than motor 
^^H fibres for the skeletal muscles, vaso-motor fibres for instance, 
^^B secretory fibres and others; and these probably have a dififerent 
^^F origin. And indeed some of the fibres of the root arise not from 
I large but from small cells in the ventral hom, while others have been 

traced through the ventral horn, on the one hand towards the dorsal 
hom and on the other hand towards the lateral column ; others 
again are found to pass through the ventral hom of their own 
Bide to the bottom of the ventml fissure where, crossing over to 
the other side and thus forming part of the white comraissure, 
1^^^ they appear to proceed to the ventral horn of the other side. 
^^^ We cannot at present make any positive statement as to the 
^^H real origin and exact nature of these fibres which thus upon 
^^V entering the cord pass by the cells in the ventral horn without 
1^^^ joining them, though those which cross by the white com- 
missure are supposed to tabe origin in the cells of the ventral 
hom of the other side ; it is suSicieat for our present purposes to 
^^^ remember that while a large number of the fibres of the ventral 
^^K root, presumably those supplying the skeletal muscles, take origin 
^^H in the cells of the ventral horn, shortly before they issue &om the 
^^f cord, others have some other origin. And similarly we have reason 
1^^^ to think that all the cells in the ventral hom do not send out 
axis-cylinder processes to join the ventral roots of the same side. 
We may however regard a large number at all events of the cells 
^^^ of the ventral horn, at the level of as well as a little below and a 
^^^L little above the level of the exit of any particular ventral root, aa 
^^^1 constituting a sort of nucleus of origin for the larger number of 
^^^1 the fibres, and those most probably the skeletal motor fibres, of 
^^^1 that ventral root. 

^^^^ The dorsal root enters the cord not in several bundles 

^^^H laterally scattered as does the ventral root, but in a more compact 
^^H mass. This mass however consists of at least two distinct bundles, 
^^^B which upon their entrance into the cord take different courses. 
^^^B One bundle, the larger one, lyin^ to the inner or median aide of 
^^^r the other, consisting of relatively coarse fibres, and called the 
r median bundle (Fig. 99, P.r"), passes obliquely into the lateral part 

of the external posterior column, which, as we have said, is in con- 
sequence often spoken of as the posterior root-zone. The other 
smaller bundle placed to the outside of the former, and called the 
lateral bundle (Fig. 99, P.r), may be again divided into an inter- 
tMdiate bundle (Fig. 100, Pr) lying next to the median bundle, 
and into a still more lateral bundle (Fig. 100, Pr"). The former, 
consisting also of coarse fibres, plunges directly through the sub- 
stance of Rolando at the extremity of, and so into the grey matter 
of the hom, where the fibres in part at least changing their 
direction mn longitudinally in the grey matter in bundles known 
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as "the longitudiQal bundles of the dorsal horn," Figs. 99, 100 
r.f. p. The Biuall most external or lateral portion of the lateral 
bundle, connisting of fine fibres and sometimes spoken of as the 
lateral bundle, on entering the cord at once take a longitudinal 
direction, and thus forma the thin layer of fine fibres, the posterior 
marginal zone or Lissaner's zone, indicated in Fig. 100 oy m. (., 
which lies between the actual extremity of the horn and the surface 
of the cord, and in the upper regions of the cord (cf. Fig. 99, p'\ 
ITJDS some way upward on the lateral margin of the horn between 
the grey matter and the crossed pyramidal tract. 

Thus much may be learnt by the ordinary methods of pre- 
paration. The degeneration method further teaches us, as we 
shall presently see, that many of the fibres of the median bundle 
after running for a certain distance in the lateral part of the 
posterior column pass into the median part and go to form the 
median posterior tract ; some of these fibres from each root, aa we 
shall also see, may be traced in this tract along the whole length of 
the cord until they end in the bulb, some few passing still higher up. 

The special silver and methylene-blue methods mentioned 
above (§ 564) have also taught us the following : 

A fibre of the doi-sal root (and so far as we can judge each of its 
fibres) on entering the cord divides into two, one division running 
forward towards the head, the other backward towards the hind 
end, the former however having the longer course. Each fibre 
thus arising by division gives off along its course collaterals, the 
terminations of the collaterals and of the fibre itself being in the 
form of arborescencea attached to the body of the processes of 
some or other cells. Some of the fibres thus end in connection 
with the cells of Clarke's column (vesicular cylinder) of the same 
aide, others in connection with cells in the substantia gelatinosa 
also of the same side. Of those fibres which run in the median 
posterior tract a large number end in connection with certain cells 
m the spinal bulb. And the endings in connection with these three 
sets of cells, those of Clarke's column, of the substantia gelatinosa, 
and of the spinal bulb, all of the same side, may be regarded as the 
main endings of the fibres of the dorsal root. But we have reason 
to think that some of the fibres make connections with the (motor) 
cells of the ventral horn of the same side (and so provide a direct 
mechanism for certain simple reflex Tnovements), while others end 
in connection with cells lying in the grey matter of the other side 
of the cord. But we shall have to return to these matters later on 
in their appropriate place. 

§670. The Special Features of the several regions of the Spinal 
Cord (in Man). The cord begins below in the slender filament called 
the filum terminate, which lying in the vertebral canal, in the midst 
of the mass of nerve-roots called the cauda equina, rapidly enlarges 
at about the level of the first lumbar vertebra into the conus 
mediillaris. This may be regarded as the beginning of the lower 



Chaf. 1 1 THE SPINAL CORD. 



^^H portion of a fusiform enlargement of the cord known as the lumbar 
^^H aweltinff, which reaches as high as about the attachment of the 
^^H roots of the twelfth or eleventh thoracic nerve at the level of the 
^^H eighth thoracic vertebra, the broadest part of the swelling being 
^^H about opposite the third lumbar nerve. Above the lumbar 
^^H awelliog, tnrough the thoracic region the somewhat narrowed cord 
^^H retains about the same diameter until' it reaches the level of 
^^H the first or second thoracic nerve opposite the seventh cervical 
^^V vertebra where a second fusiform enlargement, the cervical swelling, 
^^^ broader and longer than the lumbar swelling, begins. The broadest 
part of the cervical swelling is about opposite to the fifth or sixth 
cervical nerve; from thence the diameter of the cord becomes 

fradualty somewhat less until it begins to expand into the bulb, 
ut even in the highest part is greater than in the thoracic region. 
The sectional area of the cord increases therefore from below 
upwards, but not regularly, the irregularity being due to the 
lumbar and cervical swellings. 

The extremity of the Blum terminate is said to consist entirely 

of neuroglia closely invested by the membranes, even the central 

^^^ canal bemg absent. A little higher up the central canal begins. 
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neuroglia; thus a kind of grey matter covered by a thin super- 
ficial layer of white matter is established. We have already 
[ referred to the peculiar features of the lower end of the conus, 
I § 565 ; but higlier up the canal becomes central and small, the 
I posterior columns are developed, and the grey matter contains 
more nervous elements and relatively less neuroglia, becoming in 
fact ordinary grey matter. From thence onward to very near the 
junction witn the bulb, where transitional features begin to come 
in. the spinal cord may be said to have the general stmcture 
previously described. 

The sectional area of the white matter increases in absolute 
size and on the whole in a steady manner from below upwards. 
In other words, in a section at any level, the number of longi- 
tudinal fibres forming the white matter is greater than trie 
number at a lower level, and less than the number at a higher 
level ; for any diflFerence which may exist in the diameter of the 
individual fibres is insufficient to explain the differences in the 
total sectional area of the white matter. If we were to measure in 
man the sectional area of each of the spinal nerves as it joins the 
cord, and to add them together, passing along the cord from below 
upwards, the results put in the form of a curve would give us 
aome such figure as that shewn in Fig. 104; the area gained 
by adding together the sectional areas of the nerves increases 
in a fairly steady manner from below upwards. The curve of 
the sectional area of the white matter of the cord taken from 
below upwards would be very similar, but if anything more 
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^^■^ Tegular. It must be underst04>d however that the dimensions of 1 
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the areas would not be the same in the two cases. The sectional 
area of the white matter at the top of the cervical region, though 
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In thia as in the aucceeding figaies 102—^, —5, —6, —7, all of which refer to 
man, the left-hand side represents the bottom ot the cord and the itt{ht-biind the 
top of the oord, the nmnerals indicating anooesaively the aaoral, lumbar, thornoio 
and cervical Derree. The ssveral Dgure^ are not drawn to the same scale. 

greater than anywhere lower down, is far less than the united 
sectional area of all the nerves below that level. The white 
matter is not formed by all the fibres from the nerves which join 
the spinal cord continuing to run along the cord up to the brain ; 
as we have seen, some at least of the fibres end in the grey 
matter. Nevertheless the white matter in passing up the cord 
appears to receive a permanent addition at the entrance of each 
nerve. We may infer that each nerve has a representative of 
itself starting from the level of its entrance and running up to 
some part of the brain. Whether the fibres thus representative 
of the nerve are continuations of the very fibres of the nerve 
itself, or are new fibres starting from some relay of grey matter, 
with which the fibres of the nerve are also connected, is another 
question. 

§ 671. The grey matter in contrast to the white matter 
shews great variations in area along the length of the cord (Fig, 
105). From the entrance of the coccygeal nerve upwards the area 
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increases very rapidly, reaching a maximum at about the level of 
the 5th lumbar nerve. It then rapidly decreases to about the level 
of the 11th thoracic nerve, main tarns about the same dimensions all 
through the thoracic region, and begins to increase again at about 
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the level of the 2nd thoracic nerve. Its second maximum is 
reached at about the level of the oth or 6th cervical nerve, after 
which the area a^in becomes smaller, remaining however at the 
upper cervical regioo much larger than in the thoracic region. 

The meaning of these variations becomea clear when we turn 
to Fig. 106, which shews in a similar diagrammatic manner the 
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sectional areas of the several spinal nerves. It will be observed 
that the increase and decrease of the sectional area of the grey 
matter follow very closely the increase and decrease of the quantity 
of nerve, that is to say, neglecting differences in the diameter of 
the fibres, in the number of nerve-fibres pasJiing into the cord. 
The sectional areas of the lat and 2nd sacral, 4th and 5th lumbar 
nerves are very large, and opposite to these the sectional area of 
the grey matter of the cord is very large also ; the enlargement of 
grey matter which is the essential cause of the lumbar swelling is 
correlated to the large number of fibres wLich enter and leave the 
oord at this region to supply chiefly the lower limbs. Similarly 
the enlargement of grey matter which is the essential cause of the 
cervical swelling is correlated to the large number of fibres which 
enter and leave this region of the cord to supply chiefly the upper 
limbs. In the thoracic region, where the number of fibres entenng 
and leaving the cord is relatively less, the sectional area of 
the grey matter is also less. Since the attachments of the 
several spinal nerves are not exactly equidistant from each other 
Along the length of the cord, the sectional area is not an exact 
measure of bulk ; the total bulk of grey matter for instance 
belonging to two nerves which enter the cord close together is less 
than that of two nerves giving rise to the same sectional area of 
grey matter as the former two but entering the cord far apart 
from each other. Still the error which may be introduced by 
taking sectional area to mean bulk is, for present purposes at all 
events, so small that we may permit ouiselves to say that in the 
saccessive regions of the spmal cord the bulk of grey matter in 
«ny segment is greater or less according to the size of the nerve (or 
pair of nerves, right and left) belonging to that segment. 

From this anatomical fact we appear justified in drawing the 
conclusion that at all events a great deal of the grey matter of the 
spinal cord may be considered as furnishing a nervous mechanism, 
with which the efferent fibres of each spinal nerve just before 
they leave the cord, and the afferent fibres soon after they join the 
eord. are more immediately connected. This need not mean that 
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the whole of the grey matter is thus directly connected with and 
thus rises and folk with the fibres of the nerves ; it might tnean 
that there is a sort of core ofgrey matter, which maintains a uniform 
bulk along the whole length of the cord and serves as a basis which 
is here more and there less swollen by the addition of the grey 
matter more immediately connected with the fibres of the nerves. 
This question the method which we are now using cannot settle. 

§ 572. Owing to these ditferent rates of increase of the grey 
and whit-e matter respectively along the length of the cord, we 
find that in sections of the cord taken at different levels the 
appearances presented vary in a very distinct manner. This is 
strikingly shewn by comparing Figs. 96, 99 and 100. At the level 
of the third lumbar nerve (Fig. 100) the grey matter is very large, 
reaching, as we have seen, its maximal sectional area at about this 
point, BO that although the area of white matter is not very great 
the whole area of the cord is considerable. 

At the level of the sixth thoracic nerve (Fig. 96), in spite of 
the white matter having very decidedly increased, the grey matter 
has shrunk to such very small dimensions, that the total sectional 
area of the cord has markedly diminished. 

At the level of the sixth cervical (Fig, 99) the grey matter 
has again increased, reaching here as we have seen its second 
maximum ; the white matter has also further increased, and that 
indeed very considerably, so that the total area of the cord is 
much greater than in any of the lower regions. 

Further details of the varying size of the white matter and ol 
the grey matter at different levels are also shewn in the series given 
in Fig. 107. In these, combined with the three figures just referred 
to, it will be observed that the serial increase and decrease of the 
grey matter does not affect all parts of the grey matter alike, so that 
the outline of the grey matter changes veiy markedly in passing 
from below upwards. In the coccygeal region each lateral half is 
a somewhat irregular oval, and in the sacral region. Fig. 107, Sac. 
the differentiation into ventral and dorsal horns is still verj- 
indistinct. In the lumbar region the two horns are sharply marked 
out, though both the dorsal and ventral horns are broad and 
more or less quadrate. In the thoracic region the decrease of 
grey matter has affected both horns, so that both are pointed and 
slender, while the junction between them has not undergone so 
much diminution, so that what has been called the lateral horn 
is relatively conspicuous. In the cervical region the returning 
increase bears much more on the ventral horn which again becomes 
large and broad, than on the dorsal horn which still remains 
slender and pointed. Taking the form of the grey matter in the 
thoracic region as the more typical form of the grey matter we 
may say that while the increase on the lumbar swelling bears 
equally on the ventral and dorsal horns, that in the cervical 
region bears chieriy on the ventral horn. 
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Now we have no reason to suppose that either centripetal 
impulses reach the lumbar spinal coM in gi-eater ouuibers from 
the lower limbs, or along any of the nerves joining this part of 
the cord, or that those which do reach it are of a more complex 
nature than is the case with the centripetal impulses reaching the 
cervical cord along the nerves of the upper limbs. The increase 
of grey matter in the dorsal horns is therefore not correlated 
to any increase in the number or eomplejdty of the centripetal 
impulses reaching the cord ; and we may, provisionally, conclude 
that at least a large part of the grey matter io the dorsal 
horn is not specially concerned in any elaboration or transformation 
of centripetal impulses immediately upon their arrival at the cord. 
Indeed we have seen that while there is ample evidence to connect 
the nerve-cells, and therefore presumably the grey matter in 
general of the ventral horn with the centrifugal motor fibres of the 
ventral root, there is no corresponding evidence as to any large 
immediate connection of the centripetal fibres of the dorsal root 
with the nerve-cells or indeed any otner part of the grey matter of 
the dorsal bom. We may add that, aa we shall point out later on, 
BO essential is the concurrence of appropriate centripetal impulses 
to the due carrying-out of complex coordinate motor or centrifugal 
impulses, that we can scarcely expect to find any increase in the 
nervous mechanisms devoted to the purely motor function of 
carrying out motor impulses without a corresponding increase in 
the nervous mechanisms belonging to the centripetal impulses, by 
means of which those motor impulses are guided and coordinated. 
Hence, were the latter nervous mechanisms restricted to the 
dorsal horns we should expect to find a greater parallelism than 
does actually exist between them and the ventral horns. 

§ 673. The changes in the area of grey matter illustrated by 
the statements and diagrams given above refer to the grey matter 
as B whole, that is, not only to nerve-cells, but also to strands 
■od networks of nerve fibres and nerve fibrils, and indeed include 
to a certain extent neuroglia We have seen § 566 that we are 
able to distinguish certain large and conspicuous nerve-cells in 
the grey matter and to arrange these into groups. The grey 
matter contains many other small nerve-cells, which we are not 
able at present to name or arrange, but whose existence must 
always be borne in mind. Confining ourselves now however to 
the groups of larger, more conspicuous nerve-cells, we find that, 
broadly speaking, the chief diflferences which can be observed in 
the cells of the ventral horn along the length of the cord are 
that in the thoracic region the nerve-cells of the ventral horn 
are few, and relatively small, while in the cervical and lumbar 
region, especially in the latter, they are numerous and large. It 
is not easy, even if possible, to distinguish in the thoracic region 
the several groups of cells marked in Figs. 99, lOO as 2a, 0, y : the 
median group (Figs. 99. 100, 1), indeed seems to be the only group 
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present in the mid-thoracic region (Fig. 96, 1). The group of the 
dorsal horn (Figs. 96, 99, 100, 6) appears to be about the same 

in all regions. 

With two other groups of nerve-cells striking differences are 
seen in different regions. The vesicular cylinder, for instance 
(Fig. 96, 3), is most conspicuous in the thoracic region. It may 
be said to reach from about the 8th cervical nerve to the Srd 
lumbar nerve, being perhaps most developed in the lower thoracic 
and upper lumbar region. It is absent in the cervical region 
above the 7th or Sth cervical nerve, and in the lumbaj region 
below the 3rd lumbar nerve ; but a similar group of cells is 
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r i-EVBw. (Sbarriuglon.) 
All the flgarea are drami to Boale, and represent Ibe cord maifiiified four 
tunel. They ahew the differences at diSereot levels in the ahape and size of the 
cord, io the outline of the RTe; matter, aud in tlie relative position of the ftoterior 
and posterior fiasnres, and also shew the variations at different levels of the several 
'tncu' of the white matter. 

C, at the level of the second cervical nerve, C, of the fifth cervioai, C. of the eighth 
cerricoL D, of the Kocoud thoraejc, D, of the fifth thoracic, Lj of the first 
Inmbu, Lg of the fifth lumbar, and Sac. of the second saetiU nerve. 
The shading of the tracts is a little difTercDt from that in Fig. 101. In the median 
posterior column of D, the areaa of fibres coming from the sacral nerves (.r. and 
lumbar nerves I. r. are distinguished from the area, d. r., of fibres belooging to 
the thoracic nerves. In C,. no distinotion is made between any of these sets 
of Gbree: in L, only fibres of sacral nerves are represented; in li, D, D,. the 
more dorsal small portioD corresponds to «acT»l Qbres and the neit to lombar. 
'ir lombar thoracic nerves. 

mt opposite the 2Dd and 3rd cervical nerves; a group of 
ire doubtful likeness is seen in the sacral regioii below; and 
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the column ia said to have a representative in the bulb above 
the spinal cord proper. It seems natural to infer that the cells 
forming this vesicular cylinder are connected neither with the 
ordinary somatic motor fibres governing the skeletal muaolea, nor 
with the ordinary afferent sensory, somatic fibres coming from the 
skin and elsewhere, but in some way with some special sets of 
fibres ; on this point however no authoritative statement can a,s 
yet be made. 

The lateral horn or intermedio-lateml tract, Fig. 96, 4, i.s 
alao most conspicuous in the thoracic region. In the lumbar 
region it is lost or traced with great dilficulty, and in the cervical 
region seems to be merged into the most dorsally placed division 
of the lateral group of the cells of the ventral horn. It is possible 
that this group represents in the limbless thoracic region the cells 
which are developed into the great lateral group of the ventral 
horn in the regions of the limbs. 

§ 574. The white matter as we have seen increases in sectional 
area with considerable regularity from below upwards. If instead 
of a diagram of the increase of the whole white matter, we 
construct in a similar way dif^^ams of the ventral, dorsal and 
lateral columns respectively we find that while the sectional area 
of the lateral column (Fig. lOS) increases with some considerable 




regularity from below upwards, though not so regularly aa does 
the whole area of white matter, both the ventral (Fig. 109) and 
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the dorsal (Fig. 110) columns agree to a certain extent with 
the grey matter in shewing a decided increase in both the lumbar 
and the cervical swellings. We may, provisionally at least, infer 
from this that, while considerable portions of both the ventral and 
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^^H the dorsal columna are like ihe adjoining grey matter in some 

^^B way or other concerned in the exit and entrance of efferent and 
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afferent fibres, the larger portion of the lateral coin; 
in the transmission of impulses to and fro, between the local 
mechanisms below, immediately connected with the several spinal 
nerves, and the brain above. This conclusion seems incidentally 
confirmed (though these diagrams must not be strained to carry 
detailed inferences) by the sudden increase of the lateral column 
above the lumbar swelling, as if the large mass of nervous 
mechanism for the lower limbs concentrated in this region 
demanded a sudden increase in the number of fibres connecting 
it with the brain above. 

This more or less continuous increase of the lateral column 
partly explains the change of form in the general outline of the 
transverse section of the cord which is observed in passing upwards 
from the lower to the higher regions. In the coccygeal, sacral and 
lumbar regions the outline, though varying somewhat chiefly owing 
to the disposition of the grey matter, is on the whole circular. As 
the thoracic passes into the cervical region, the increase of the 
lateral columns increases the side to side diameter so mnch that 
the section becomes oval, and in the cervical swelling itself this 
increase of the side to side diameter out of proportion to the 
dorso-ventral diameter is very marked. The actual outline of the 
whole transverse section is however determined also to a certain 
extent by the changes of form of the grey matter. 

The cord moreover undergoes along its length a change which 
IB not very clearly indicated in the diagrams Figs, 108, 110. By 
comparing the series of transverse .sections given in Fig. 107 it 
will be seen that the relative position of the central canal shifts 
along the length of the cord. In the sacral and lumbar regions 
the central canal is nearly at the centre of the circle of outline, 
and the dorsal and ventral tissui'es are neaily of equal depth, 
Even in the upper lumbar region, and still more in the thoracic 
region, the position of the central canal is shifted nearer to the 
ventral surface, so that the dorsal fissure becomes relatively longer, 
deeper, than the ventral. This shifting goes on through the 
cervical region up to about the level of the 2nd cervical nerve, 
where it is arrested by the beginning of the changes through 
which the spinal cord is transformed into the far more complicated 
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This tengtheninp of the dorsal fissure indicates an increase 
in the dorso-ventral diameter of the dorsal columns, and this, 
not being accompanied by a compensating diminution of the side 
to side diameter, shews in turn that the dorsal columns undergo 
an increase in passing upwards. From this we may add to the 
provisional conclusion just arrived at with regard to the lateral 
columns, the further conclusion that some part of the dorsal 
columns also is concerned in transmitting impulses, in a more or 
less direct manner, between the various regions of the cord below 
and the braio above. The ventral columns do not increase in the 
same marked manner, though over and above the increase due to 
the lumbar and cervical swellings, a continued increase may be 
observed, especially in the upper cervical region ; it is in this 
upper region that the direct pyramidal tract is best developed. 

§ 675. The provisional conclusions at which we have arnved 
ai'e further, to a certain extent at least, confirmed and extended 
by a study of the behaviour at the several regions of the cord of 
the special tracts of white matter described in § 567. 

Tne p}'ramidat tract, that is to say, the crossed pyramidal 
tract entering the spinal cord above from the pyramid is very 
large in the cervical region, having the form and situation shewn 
in Fig. 107, CjCjCa. From thence downward it diminishes in size, 
the diminution being especially rapid in the lumbar swelling, 
Fig. 107, L,. where the tract being no longer covered in by the 
cerebellar tract comes to the surface of the cord; but it may be 
traced by the degeneration method down as fer as the coccygeal 
region, and indeed appeal's to be coexistent with the issue of 
spinal nerves firom the cord. Diminution of the tract means a 
lessening of the number of fibres; and since we cannot suppose 
that any of the fibres come suddenly to an end in the tract itself 
we are led to infer that along the cord, from above downwards, 
fibres are successively leaving the tract and passing to some other 
part of the cord. We seem further justified in concluding that 
the fibres which thus successively leave the tract go to join the 
aeries of local nervous mechanisms with which the spinal nerves 
communicate, as we have seen reason to believe, upon their 
entrance into the cord. Indeed, as we shall see later on, we have 
reason to think that the nervous mechanisms which the fibres in 
question join are those belonging to the motor fibres of the 
ventral roots; the fibres of the pyramidal end by forming synapses 
with the cells whose axons go to form the fibres of the ventral 
roots. This pyramidal tract does not begin in the pyramid, but 
may be traced through the lower parts of the brain right up to 
special areas in the cortex or surface of the cerebral hemispheres; 
and very strong reasons may be brought forward in support of 
the view that the fibres of this tract are fibres which carry 
impulses from the cortex to successive portions of the spinal 
cord, and there give rise to efferent impulses which pass to 
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■appropriate skeletal muscles. The tract, therefore, is Dot only & 

Wiescending tract by virtue of the mode of degeneration, but may 

■ be spoken of in a broad aense as a tract rf efferent impub^ 

descending from the cerebral cortex ; and indeed it is maintained 

that it is the channel of the particular kind of efferent impulses 

which we shall speak of as voluntary or volitional impulsea. We 

I may add that as the tract passes along a path which we shall 

nibscquently describe, from the cerebralcortex through the lower 

Kirts of the brain to the pyramid, it gives off fibres to mechanisms 

loonnected with several of the cranial nerves, much in the same 

I way that it gives off fibres to those connected with the spinal 

I serves. 

We may therefore picture to ourselves this pyramidal tract as 

iarting in the form of a broad sheaf of fibres from a certain 

istrict on the surface of one of the cerebral hemispheres. 

f Putting aside for the present any possible increase of the number 

of fibres by division (though we have reason to think that 

this does to a certain extent occur) we may regard the tract as 

being at its maximum at its beginning in the cortex. As it 

descends to the decussation of tiie pyramids in the bulb it loses 

a certain number of fibres, which pass off to the cranial nerves. 

Having crossed and entered into the lateral column of the cord it 

continues to give off fibres which make connections with the 

nerve-cells giving rise to the ventral roots of the spinal nerves, 

probably of each in succession, and so goes on its way down the 

cord continually diminishing until the last remaining fibres are 

_ jpven off to the last coccygeal nerve. 

When degeneration is set up along this tract, as may be done, 

r injuries to particular areas of the cerebral cortex, the main 

aas of degenerated fibres, after crossing over from one aide of 

the cerebrospinal axis ti} the other in the decussation of the 

pyramids at the lower end of the bulb, during its further progress 

down the spinal cord, keeps to the side to which it has crossed 

-rij^lit down to the end. Hence, as we have said, it is called the 

BTDSsed pyramidal tract. The main mass of fibres, the degene- 

pktion of which has been started by injury to the left side of the 

'train, crosses over to the right side of the spinal cord and runs 

town the lateral column of the right side to the end of the cord. 

Nevertheless some of the fibres of the pyramid pass directly to 

Ibe lateral column of the same side, forming the area of scattered 

■fibres shewn in Fig. 107 P". 

The direct pyramidal tract (Fig. 107, dP), except that it does 
not cross at the decussation of the pyramids, ia otherwise similar 
to the crossed pyramidal tract, and indeed is a part of the same 
strand to which the crossed tract belongs. When degeneration in 
this tract is started by injur}' to particular areas of the cerebral 
cortex, say on the left half of the brain, the degeneration may 
Mbe traced through the left ventral pyramid, and so to the left 
F. 111. 62 
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median ventral column of the spinal cord. The direct tract is 
never so extensive or marked as the crossed tract, does not reaflb. 
so far down, is much more variable both in length and in sectioi 
area and, as we have said, ia almost coniined to man. Diminish' 
as it descends it may be said to cease in the middle thoi 
region, Fig. 107, DjD,. Taking an average we may say that, of 
whole strand running in the pyramids above the decussation, ab 
three-fourths of the fibres go to form the crossed and about oi 
fourth to form the direct tract. We shall see later oo that tl 
impulses coming down along the united tract in the brain majr^ 
broadly speaking, he said to cross over wholly from one side to thvl 
other before they reach the skeletal muscles, so that the impulses' 
passing along fibres in. say, the left pyramid, reach the muscteB 
of the right limbs and right side of the body whether the fibres 
cross over at the decussation to form the crossed or remain on the 
Bame side to form the direct pyramidal tract. We are iherefors 
led to infer that the fibres in the direct tract, as they pass down the 
cord, cross over in the cord itself before they make connections with 
the cells belonging to the ventral roots. Probably the crossing is 
effected by means of some of the decussating fibres which form the 
ventral white commissure. A part only, indeed a small part, of 
tJie commissure can serve this purpose ; most of the fibres of the 
commissure, and in the lower regions of the cord, where the direct 
tract no longer exists, all the fibres must have some other functions. 
Some of the fibres of this great pyramidal tract, leave the tract, 
as we have said, to join some of the cranial nerves before the 
pyramids of the bulb are reached ; and the impulses passing 
along these fibres also cross over to the opposite side before they 
issue along the cranial nerves. Hence we infer that these fibres 
decussate above the decussation of the p}Tamids just as those of 
the direct tract decussate below it. So that of the whole strand 
as it leaves the cerebral cortex, while the main mass of fibres 
crosses over at the decussation of the pyramids, the rest of the 
fibres cross the middle line in succession from the level of the 
third cranial nerve to the level of the lower limit of the direct 
tract; below the decussation of the pyramids the crossing takes 
place by means of the ventral commissure of the cord, above the 
decussation by means of what we shall later on leani to speak of 
as the raphe of the bulb, or by structures corresponding to this 
higher up. 

§ 676. The cerebellar tract (Fig. 107, Cb) is as we have seen a 
tract of ascending degeneration ; the degeneration in it makes its 
appearance above the section or the seat of other injury of the 
cord. It begins somewhat suddenly at the level of the second 
lumbar nerve, being absent at least as a distinct tract below; 
injury of the cord at the level of the middle and lower lumbu' 
nerves leads to no marked tract of degeneration (though poasiUy 
scattered single fibres may degenerate), while injury higher Upi 
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does. The tract lies, as we have said, cloae to the Burface of 
the cord in the dorsal part of the lateral column just outside 
the crossed pyramidal tract, and while varying somewhat in the 
shape of its section from level to level remains throughout a 
somewhat narrow cresceutic patch. At the top of the spinal 
cord it parses, as we have said, from the lateral columns into the 
reatiform bodies of the bulb, and so to certain parts of the 
cerebellum. 

WheQ the section or lesion ia limited to one side of the cord, 
the degeneration ia similarly limited to the same side, and that 
along its whole course up to the cerebellum ; there is no evidence 
of any of the ftbres decussating in the cord. 

The area of the tract increases from below upward. This has 
been determined by the embryo logical method, by uotiug the 
appearance of the medulla in the fibres, as well as by comparing 
the extent of the degeneration following upon a section high up 
in the cord with that following upon a section lower down. From 
this we infer that the fibres composing the tract must start 
mccessively from other parts of the cord along its length, that is 
nj, the tract must be fed by fibres coming from other structures 
"■'^B cord. On the other hand, it is found that the degenerated 
fcUowing upon a section or injury diminishes as it is traced 
1; when, for instance, a sectiou is made in the mid-thoracic 
^ the area of degeneration in the tract is greater immediately 
■Dove the section than it is higher up, say in the cervical region. 
From this we arc led to infer that though the tract is successively 
fed along its course by fibres coming from other parts of the 
cord, some of the fibres entering the tract, though like their 
companions undergoing an ascending degeneration, do not like 
them continue in the tract right up to the cerebellum, but pass off 
Co other parte of the cord on their way upward. This, however, is 
equivalent to saying that the tract is not a pure or boniogeneous 
one, but consists of at least two sets of fibres, only one of which is 
continued on to the cerebellum and strictly deserves the name of 
•cerebellar." It may perhaps here be mentioned that while the 
fibres composing the tract are as a whole conspicuously coarse, large 
fibres, with these there are mingled, especially in the thoracic 
region, a number of much finer fibres ; but these apparently 
■ndergo a descending not an ascending degeneration and do not 
therefore really belong to the tract ; they may be fibres which 
have strayed from the pyramidal tract. 

Unlike the case of the median posterior tract of which we have 
next to speak, no degenerattou, at least in the lumbar and thoracic 
regions, appears in the cerebellar tract after section merely of the 
roots of the nerves; to produce the degeneration the cord itself 
must be injured. From this we may infer that the tract is not 
fed directly by the fibres of the posterior roots. And there is 
increasing evidence that the tract is fed by fibres coming from the 
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vesicular cylinder, that these cells send out axons which passing 
laterally become the fibres of the tract. From the fact that the 
degeneration taking place in it is an ascending one, it is supposed 
that the tract is the channel for ascending, that is to say, in a 
broad sense, afferent impulBea. And considerable interest attaches 
to the fact that these impulses should be carried, not to the 
cerebrum but to the cerebellum. Our knowledge on this point, 
however, is still imperfect, and what can be said in the matter 
had better be said later on. 

§ 577. The median posterior tract is the other conspicuous 
tract of ascending degeneration ; it also is supposed to be a 
channel for ascending, afferent impulses ; and this view is rendered 
almost certain by the intimate relations of the tract to the fibres 
of the posterior roots. 

In dealing so far with the tracts of degeneration in the spinal 
cord we have always spoken of the degeneration as being the 
result of lesions of the spinal cord itself. Experiments on animals, 
however, and clinical experience have shewn that division or 
injury of the fibres of the dorsal roots is followed by tracts 
of degeneration in the spinal cord, though no damage whatever 
may have been done to the substance of the cord itself. These 
tracts make their appearance in the median posterior columns, the 
exact path and limits of the degeneration differing with the 
different spinal nerves. The results of the division of different 
groups of nerves are so instructive that we may dwell upon them 
in detail. 

If the dorsal roots of two or three lumbar nerves (on one 
side) be divided, an examination of the cord, after an interval 
long enough to allow degeneration to be well established, will 
bring to light the following features. The divided roots will be 
found to have degenerated right up to their entrance into the 
cord. A section of the cord opposite the entrance of the lowest 
divided root will shew no degeneration of the cord beyond 
that of the bundles of fibres passing in. A little higher up 
degeneration will be observed in the external posterior column 
close to the dorsal horn ; and as we ascend we find that this 
degeneration first spreads over a large portion of the external 
posterior column, and then invades the median posterior column ; 
the degeneration does not affect the whole of the median posterior 
column but leaves intact a small dorsal portion, roughly tri- 
angular in shape, at the angle between the fissure and the 
dorsal surface of the cord, as well as some portion of the more 
ventral part of the column nearest the grey commissure. Still 
a little higher up we should find that degenerated fibres had 
disappeared from the external portion of the external posterior 
column close to the grey matter, though still existing in the more 
median part of that column, as well as in the median posterior 
column to the extent just indicated. Still a little higher up 
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^^H the whole of the degeneration would have disappeared from the 

^^P external poBterior column, but the tract of degeneration in the 

median poi^terior culumn would remain, the eJttent of degeneration 

being dependent on the numbor of roots which had beon divided. 

lAstly, by carrying the eectiona still higher up the cord we should 

■ be able to trace this tract in the median posterior column right 
Op to the bulb, where it would come to an end. 
If we divided some of the thoracic nerves instead of the 
lumbar we should obtain very similar reaults: a degeneration of 
the external posterior columns a little above the entrance of the 
roots, spreading across the column towards the median line, and 
wholly disappearing at a certain height above, accompanied by a 

I degeneration of a part of the median posterior column, reaching 
from a little distance above the entrance of the divided nerve-roots 
right up to the bulb. This latter tract of degeneration would 
however not occupy the same positioii as that consequent upon 
division of the lumbar nerves ; its position would be more ventral, 
Dearer the grey commissure, and rather more lateral. Compare 
Fig. 107. Uj, where Ir indicates the degeneration due to section 
of the lumbar nerves, and dr that of the thoracic nerves. If we 
divided some of the cervical dorsal roots we should get similar 
results, with the difference that the tract of degeneration in the 
median posterior columns would occupy a position still more 
ventral and still more lateral (Fig. 107, C, c.r.); while if we 
divided the sacral nerves the tract of degeneration would be dorsal 
and median to the tract belonging to the lumbar nerves, and 
would occupy more or less of the triangle left below that tract 
(Fig, I07,Dj».r.). The degeneration it will be understood is inall 
oases confined to the same side of the cord as that of the divided 
loota. We may add, in order to complete the story of the effects 
of division of the dorsal roots, that the section leads to 
degeneration of the marginal zone (Lis.sauer's tract), but this 
degeneration reaches for a certain distance only up the cord and 
then disappears. It will be remembered that this zone is fed by 
fibres (of fine calibre) belonging to the external or lateral bundle 
of the dorsal roots. 

These results may be interpreted as follows. The fibres 

Li>f the dorsal root, cut off from their ganglion by the division, 

Bdegenerate centripetally towards the spmal cord. We have 

F|lreviously seen that many of the fibres of the root pass into 

the external posterior column and nm up in that column for 

some distance. The degeneration observed in this column for 

■ome distance above the entrance of the divided roots shews 

that the fibres run lengthways for some distance io this column, 

while the disappearance of the degeneration a little higher up 

similarly shews that the fibres eventually leave the column. 

!nie appearance of degeneration in the median posterior column 

l-iheWB that some of tnese fibres have passed iuto that column 
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from the external posterior column, and the continuation of that 
degeneration right up to the bulb indicates that these fibres 

fmrsue an unbroken course in that column along the whole 
ength of the cord. The area of degeneration, or more exactly 
the number of degenerated fibre.s in the continued tract of 
degeneration in the median posterior column ia much less than 
that in the temporary or short tract of degeneration in the 
external posterior column. This shews that some only of the 
fibres passing into the external posterior column go on to join the 
median posterior column and so ivjich the bulb ; tne rest obviously 
take another path, and we have already seen reason to think that 
many of these end in the grey matter of the cord. Hence of all 
the fibres joining the cord in a dorsal root, while some, and these 
we may add are chiefly fine fibres, entering the grey matter 
directly or passing into the posterior marginal zone, soon make 
such connections that the degeneration due to the section of the 
root spreads no farther, a large number, and these chiefly coarse 
fibres, before they make any such connection pass into and 
occupy for .some length of the cord the external posterior 
column. We may here remark that though these fibres are 
spread over the greater part of this column, they do not form 
the whole of the column ; they are mixed up with fibres of a 
different nature and origin. Of these fibres of the dorsal root 
which thus run in the external posterior column while still 
dependent for their nutritive activity on the ganglion of the 
root, some, indeed the greater part, leave the tract and end 
by making connections in the grey matter, by forming synapses 
with certain cells of the grey matter; others, forming the 
smaller part, pass into the median posterior column, and taking 
up a definite position in that column pursue an unbroken course to 
the bulb. 

All the fibres therefore of the posterior roots do not end in 
the grey matter soon after their entrance into the cord. A repre- 
sentative of each root, especially of those from the limb regions, 
is carried right up to the bulb by means of the median posterior 
column ; of the axis-cylinders which leave the ganglion on the 
root, a certain relatively small number pursue an unbroken course 
for some little distance through the external posterior column, 
and for the rest of their way through the median posterior column, 
along the whole length of the cord above the entrance of the 
root until they find an ending in the grey matter of the bulb. 
Further, each spinal nerve has this representative of its pos- 
terior root placed in a definite position in the posterior median 
column, the arrangement being such as shewn in Fig. 107, 
that the lower (sacral) nerves find their place in the more 
dorsal and median part of the column, while the nerves above 
are successively placed in positions more and more ventral and 
external. 
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As far as our knowledge goos at preuent we are led to believe 
that this median posterior tract is very largely made up of fibres 
having this origin. It affords a channel by which centripetal 
impulses are carried straight up the cord fi^m the nerve trunk 
without making connections oa tne way. We may repeat that the 

eth ia confined to the same side of the cord along its whole 
igth; there is no crossing over to the other side. 
In the above description we have spoken only of the results 
following section of the dorsal roots outside the cord ; but it 
will be understood that similar results follow upon section of or 
injury to or disease of the cord itself affecting the posterior 
columns or the bundles of the roota as they enter the cord. 
"When such a lesion occurs there may be observed in the region 
of the cord above the lesion a degeneration of the external 
posterior column, reaching some little distance up, and a mon< 
Btnited degeneration of a part of the median posterior column 
stretching right up to the bulb. The position and form of the 
tract of the degeneration in the median posterior column will 
depend on the level of the lesion along the length of the cord. 
according as it interrupts the ascending representatives of the 
sacral nerves only, or of the lumbar and sacral nerves, or of the 
dorsal and cervical nerves as well. A complete section or hcmi- 
section of the cord will produce results corresponding to the division 
on both aides or on one side of all the uei-ves below the section, 

may add that while, according to some observers, the 

strand of fibres belonging to a particular root or group of roots, 

'"■"ving once taken up its position in the median postenor column 

JHOU unchanged until it reaches the bulb ; according to others 

i^llDUUBhes in area, some of its fibres making connections in the 

iitaeM 

§ 678. The antero-lateral ascending tract (Fig. 107, asc. a. I.) 
■,n less well known than either of the two preceding ; it is also 
more diffuse, that ia to say, the fibres undergoing degeneration are 
more largely mixed with fibres of a different nature and origin. 
It appears to extend down the cord to a lower level than the 
cerebellar tract, but its lower limit has not yet been accurately 
determined. Since the degeneration taking place in it is an 
ascending one, it has been inferred that it serves as the path 
for afferent, and indeed for sensory impulses. Degeneration in 
it is seen only after section or injury of the substance of the cord 
itself, not after division of the dorsal roots. If. then, it is to 
be regarded as a channel of centripetal impulses passing into it 
from the dorsal roots, those impulses must pass into it along 
those fibres of the dorsal root which end by making connections 
celb in some part of the grey matter; in this respect this 
resembles the cerebellar tract, and differs Irom the median 
irior tract. The latter is the direct continuation up the cord 
the bulb of such fibres as are still trusting for their nutritive 
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activity to the ceils of the ganglion on the dorsal root; the 
fibres of both the fonner trust for their nuliitive activity to some 
or other of the ntrve-cells in the grey matter of the cord. The 
an tero- lateral ascending tract, however, does not, like the cerebellar 
tract, pa.ss to the cereoellura along the reatiform body ; it may 
be traced, ventral to the restiform body, forwards along the bulb 
beyond which rising doraally it turns back to the cerebellum by 
the superior peduncle. 

§ 679. We may now briefly pass in review, somewhat aa 
follows, the chief facts which we have learnt conceniing the 
structure of the spinal cord, always keeping in view their physio- 
logical meaning. 

The important feature of the spinal cord is the presence of 
what we have called 'grey matter,' and all our knowledge goes to 
shew that the importaot powers of the spinal cord, by which it 
differs from a thick multiple nerve, and by virtue of which we 
speak of it as a nervous centre or series of centres, are in some way 
or other associated with this grey matter. 

Of this grey matter the nerve-cells (or as some call them the 
neurons) form the essential part, each nerve-cell consisting of 
a nucleus, a perikaryonic body, dendrites and an axon. 

If we bear in mind that in the spinal nerves (and a like state- 
ment may be made concerning the cranial nerves) the efferent 
fibres are the prolonged axons of cells lying within the spinal 
cord, and that in the case of the afferent fibres, the peripheral 
portion of the fibre stretching from the cell in the ganglion of 
the root to the skin or other sti'uctures may be considered as 
the dendritic portion, though no branching occurs until close to 
the periphery, while the central rjortion between the ganglion 
and the spinal cord may be considered as the axon though it 
does not branch or give off collaterals until it has entered the 
cord, — if we bear these things in mind and aiisume that the 
cells or part of cells inside the cord have the same fundamental 
properties as those outside the cord we seem justified in making 
the following statement. 

Though when a nerve-fibre, whether axon or dendrite, is arti- 
ficially stimulated at any part of its course, the impulse thus 
generated travels in both directions (cf. § 72) we have reason to 
think that impulses which the cell carries naturally travel in 
one direction only, namely to the perikaryon along the dendrites 
and away from the perikaryon along the axon. This seems to be 
connected with what appears to be the case that while the whole 
substance of the cell, dendrites, perikaryon and axon, is eminently 
conductive, that is to say, readily propagates along itself a change 
once started in it, the part of the cell forming the terminal portions 
of the dendrites is eminently receptive, that is to say, changes 
or impulses are readily originated in those portions by dis- 
turbances in their neighbourhood, by vibrations we may perhaps 
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iy impinging upon them. Under natumi circumstances, a change 
or impulse is always started at the receptive dendritic portion, 
and travels thence to the perikaryon and so along the axoo ; under 
natural circumstances an impulse, so far as we know, never travels 
in the contrary direction. Even if we suppose, as in the case of 
cells which are the instruments of automatic actions we seem 
to suppose, that impulses may originate in a cell indepen- 

it of any extrinsic influence brought to bear on the receptive, 
ndritic portion, such impulses so iar as we know always travel 
ing the axon from the perikaryon and in no other direction. 

When the axon thus carrying impulses from the perikaryon, 
directed, as in the ventral spinal roots, from the central nervous 
^stem to extrinsic structures, to muscles and the like, the fibre 
to which it belongs is called an efferent fibre ; when the axon, 
as in the dorsal roots, is directed to the central nervous system, the 
fibre to which it belongs is called an afTereut fibre. 

A nerve-cell of the grey matter of the cord is characterised 
by the rapid and often extreme branching of the dendrites aud by 
the fact that the axon, even if, as is sometimes the case, it does 
not rapidly divide and branch off into a number of fine filaments, 
at least frequently gives off a number, sometimes a large number, 
of collaterals along its course, before it reaches its. may be distant, 
temiiuation. And the distinguishing features of the spinal cord 
may be said to be, on the one hand, the extremely complex 
arrangement of the branches, dendrites and axons of the nerve- 
cells, and on the other hand, the numerous connections of cell with 
cell by means of synapses. 

If we assume, and we seem to be entitled to assume, that each 
filament arising as a division either of a dendrite or an axon 
may serve as the path of a separate nervous impulse, the cousti- 
tation of the grey matter may be regarded as affording oppor- 
tatiilies for the most complex dispersion of nervous impulses. 
Again if we assume, and we seem entitled to assume, that each 
synapsis offers an opportunity for a change in the character of 
nervous impulses, that the impulse as it pusses over from the 
terminal arborescence of an axon into the dendrite of another 
oell, starts in that dendrite an impulse having characters different 
its own, the constitution of the grey matter may be re- 
i as affording opportunities for a very great conversion of 
opulses. Further, if we assume in accordance with what was 
said above, that in a nerve-cell the impulses travel, at least for 
the most part, centripetally towards the perikaryon, along the 
dendrites, and centrifu^ally away from the perikaryon, along the 
axon, a certain order will seem to be maintained in the complexity 
just spoken of. 

Thus compared with a ganglion either of the dorsal root of 
& spinal nerve or even of the sympathetic system, the grey matter 
lOf the spiual cord presents marked complexity. 
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In a ganglioD of the dorsal root the nerve-cell is simply 
placed on the course of the fibre by help of the T-piece ; there 
IS no division or branching of fibres ; the fibre which iasuea from 
the ganglion is the same fibre as that which entered; and we 
have no reason whatever to suppose that the nerve-cell brings 
about any change in the nature of an impulse as it passes along 
the fibre through the ganglion. The ganglion certainly has neither 
reflex nor automatic action, nor have we evidence of the nerve-cell 
perfonning any function other than that of governing the nutrition 
and 30 maintaining the irritability of the whole fibre belonging 
to it. 

The ganglion of the sympathetic system is somewhat more 
complex since we have reason to think that the cells may have 
much branched dendritic processes and that a nerve-fibre entering 
a ganglion may end by synapsis with one of the cells. But even 
this falls far short of the complexity of the arrangements in the 
spinal cord. And, as we have seen, the evidence that the ganglion 
of the sympathetic system can exercise reflex or even automatic 
functions is at least not conclusive. 

The distinguishing feature of the spinal cord then is the 
extreme complexity in which the processes, dendrites and axons 
of its constituent cells are arranged ; and we may infer that the 
special powers of the cord are in large measure dependent on this 
complexity. We may suppose, and indeed we probably must 
suppose, that what takes place in a particular cell is determined 
also by the intrinsic nature of the cell, that the nucleus, perikaryon, 
axon and dendrites are so constituted that the cell behaves in a 
particular way irrespective of the effect of its connections, that for 
instance two impulse.1 of a like nature impinging on two cells by 
means of similar synapses may produce in the one cell an event of 
one kind, and in the other an event of another kind. Still making 
every allowance for this we must conclude that in the complexity 
of the arrangements of the cord lies the chief key to the problems 
of its actions. 

§ 680. Some of the structures of the cord form parts of 
mechanisms wherein the cord serves as an instrument of the 
brain. These are more simple in respect to efferent impulses 
descending from the bi-ain than in respect to afferent impulses 
ascending to the braio. 

The pyramidal tract diminishes as it descends from the bulb. 
We have reason to think that in the case of the crossed tract, 
fibres leaving the tract pass to the ventral horn and there form 
synapses with the cells whose axons go to form the ventral roots. 
Similarly fibres lea\'ing the direct pyramidal tract cross by the 
anterior commissure to the ventral horn of the opposite side and 
there end by synapses with cells. In this way the pyramidal tract 
serves to caiTy impulses to the ventral roi>ts of the spinal nerves. 
And a similar connection with the ventral roots also probably 
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obtains in the ca^e of the fibres forming the descending antero- 
lateral tract. 

The arrangements in tlie case of the afferent impulses are 
more varied, and in some respects more complex. As we have 
seen the fibres of the dorsal roots are, at least in the case of the 
lower spinal nerves, continued in part in the median posterior tract 
as fibres which, except by sitch collaterals as they may give off, 
form no synapses with cells until they reach the spinal bulb ; 
these provide for afferent impulses a channel which though in 
the spinal cord is not of it. The rest of the dorsal root does 
however end by forming synapses with the cells of some part of 
the grey matter either near or farther from the place of entrance 
of the rtiot ; the fibres form synapses with the cells of the vesicular 
cylinder, with the cells of the posterior horn and with other cells. 
From the cells of the vesicular cylinder axons passing into the 
lateral column form the cerebellar tract. Thus by a relay in the 
vesicular cylinder afferent impulses reaching the cord by the dorsal 
roots are carried up past the cord to the brain above. And by a 
similar relay in some cells of the grey matter, either of the vesicular 
cylinder or other, impulses are carried up to the brain by the fibres 
of the ascending antero-Iateral tract. 

§ 581. Excluding these recognized tracts carrying impulses to 
and from the brain, with the cells of the grey matter belonging to 
them, the rest of the cord, unless other like tracts should hereafter 
be demonstrated, may be considered as supplying mechanisms 
belonging to the cord itself. 

We have reason to think that some of the fibres of a dorsal 
root end, that is to say either the terminations or the collaterals of 
some of the fibres, end by forming synapses directly with the body 
or dendrites of the cells in the ventral horn whose axons go to 
form a ventral root. This supplies a mechanism of the simplest 
form whereby afferent impulses may give rise in a reflex act to 
efferent impulses. But we cannot suppose that this is the only 
mechanism by which in the cord afferent impulses are brought to 
bear on cells which carry out efferent impulstH. 

We have seen that the area of white matter immediately sur- 
rounding the grey matter on its lateral and ventral aspects consists 
largely of fibres which since they run a very short course in the 
white matter do not appear aa lengthy tracts of degeneration after 
section or injury. These are fibres which starting as the axons of 
certain cells in the grey matter paas into the white matter and 
after running a very short course return to the grey matter where 
they end by forming synapses with other cells. That is to say 
these fibres represent a mechanism by which cells of one part of 
the cord affect cells in another part. We cannot at present state 

Erecisely what they do. Some of the cells to which these fibres 
elong, thrown ijito activity by impulses reaching thera through 
ifferent fibres, may carry forwani impulses, which, even if modified 
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by the relay, may still be regarded as afferent impulses ; and by a 
serieH of such relays impulses, still recognisable as aflferent impulses, 
might tmvel along a considerable length of the cord. Further, 
though stilt of the nature of afferent impuleea, they might travel 
either upwards or downwards. And, in the end, after a longer or 
shorter course they might be brought to bear on cells sending 
axons into ventral roots, and so by giving rise to efferent impulses, 
bring about reflex actions. 

Or the impulses arising in other of the cells to which these 
fibres belong might be from the beginning of the nature of efferent 
impulses, and thus efferent impulses might be conducted along the 
cord. Or the impulses might be of a nature which could not be 
considered as distinctly either efferent or afferent. 

Another kind of intrinsic mechanism is also present. In the 
case of certain cells in the grey matter, the axon does not run a 
long course, passing into the white matter as a fibre, and at. most 
giving off collaterals ; it divides at once within the grey matter in 
a branching fashion, and speedily forms a synapsis with another 
cell, oi' it may be forms synapses with more than one cell. Such a 
cell serves to carry or distribute impulses within the grey matter, 
possibly transforming those impulses in some way as it carries 
them. 

Thus, after all the structures connecting the cord with the 
brain have been excluded, the remaining grey matter, either with 
or without the help of the intraspinal fibres of the white matter, 
presents a mechanism of great complexity for the passage of 
impulses along, and their possible transformation within the cord. 
With this both afferent dorsal and efferent ventral roots are con- 
nected, and the complexity of the whole mechanism will appear all 
the greater when it is remembered that each axon entering into 
the mechanism may bear collaterals, and that the synapsejs effected 
by these may be different from that in which the axon itself ends, 
and may be different from each other. We may infer that this 
mechamsm or parts of it are concerned in cariring out the functions 
which the cord is capable of performing by itself without the in- 
tervention of the brain. 

Lastly, the two lateral halves of the cord are bound together 
by numerous transverse commissural ties, by fibres or their col- 
laterals, or by naked axons, or possibly in some cases by elongated 
dendrites. By means of these, impulses entering into or passing 
along one side of the cord are brought to bear on structures of 
the other side. 




§ 682. In the preceding portioDS of this work we have re- 
peatedly seen that though we can leam much concerning the 
working of an organ, or tissue or part of the body by studying its 
behaviour when isolated from the rest of the body, all the con- 
clusions thus gaiaed have to be checked by a study of the 
behaviour of the same organ or part, while it is still an integral 
part of the intact body. All the several organs and tissues are so 
bound together by various ties, that the actions of each depend on 
the actions of the rest ; and to say that the life of each part is a 
function of the life of the whole, is no less true than to say that 
the life of the whole is a function of the life of each part. This is 
especially borne in upon us, when we come to study the actions of 
the central nervous system. We may, on anatomical grounds, 
eeparabe the spinal cord from the brain ; but when we come to 
consider the respective functions of the two, we are brought face 
to face with the fact that in actual life a large part of the work of 
the brain is carried out by means of the spinal cord, and con- 
versely the spinal cord does its work habitually under the influence 
of, if not at the direct bidding of the brain. We may gain certain 
conclusions by studying the behaviour of the spinal cord isolated 
from the brain, or of parts of the spinal cord isolated from each 
other ; but we must be even more cautious than when we were 
dealing with other parts of the body, and must greatly hesitate to 
take it for granted that the work which we can make the spinal 
cord or a part of the spinal cord do, when isolated from the brain, 
is the work which is actually done in the intact body when the 
brain and spinal cord form an unbroken whole. Moreover this 
cantion becomes increasingly necessary, when in our studies we 
pass from the simpler nervous system of one animal to the more 
complex nervous system of another ; for it is by the complexity of 
their central nervous systems more than by any thing else, that 
the ' highest ' animals are differentiated from those ' below ' them. 
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When we compare a rabbit, a dog, a monkey and a man, the 
differences in the vascular, digestive and respiratory s^-steniB of the 
four, striking aa they may appear, sink into insignificance com- 
pared with the differences exhibited by their respective central 
nervous systems. We need caution when from the results of 
experiments on dogs or rabbits, we draw conclusions as to the 
digestion or circulation of man, but we need far greater caution 
when from the behaviour of the isolated spinal cord of one of 
these animals we infer the behaviour of the intact spinal cord of 
man, 

A further difficulty meets us when an experimental investiga- 
tion entails operative interference with the central nervous system. 
Removal or section of, or other injury to parts of the brain or 
spinal cord is very apt to give rise in varying degree to what is 
known as ' shock. The cutting or tearing or other lesion of any 
considerable mass of nervous substance affects the activity, not 
only of the structures immediately injured, but of other, it may 
be far distant, structures. The nature of 'shock' is not as yet 
thoroughly understood, but may perhaps, in part at all events, be 
explained by regarding the lesion as a very powerfiil stimulus, 
which, partly by way of inhibition but still more by way of 
exhaustion, depresses or suspends for a while normal functions, 
and thus gives rise to temporary diminution or loss of conscious- 
ness, of volition, of refiex movements and other nervous actions. 
Thus a section through the spinal cord, even when made with 
the sharpest instrument and with the utmost sldll, so as to avoid 
all bruising as much as possible, may for a while suspend all 
refiex activity of the cord, or indeed all the obvious activities of 
the whole central nervous ^stem. We may add that such a 
'shock' of the central nervous system may also be produced by 
eudden lesions not bearing directly on the central nervous system, 
as for instance by extensive injury to a limb. 

Moreover in many cases in which the effects of experimental 
interference have been watched for some considerable time, days, 
months or years after the operation, it has been observed, on the 
one hand, that phenomena which are conspicuous in the early 
period may eventually disappear, and, on the other hand, that 
activities which are at first absent may later on make their 
appearance; movements for instance which are at first frequent 
after a while die away, and conversely, movements which at first 
seemed impossible are later on easily achieved. We have to 
distinguish or to attempt to distinguish between the temporary 
and the lasting effects of the operation, including among the 
former not only those of ordinary ' shock,' but others of slower 
development or longer duration. In many instances where a part 
of the central nervous system is by section or otherwise suddenly 
separated from the rest, the phenomena suggest that the separated 
pwt is at first profoundly influenced as to its activities by the 
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withdrawal of various influences which previously were being 
eserted upon it by the rest of the system, but later on accom- 
modates itself to its new conditions, and learns, so to xpeaJc, to 
act without the help of those influences. And indeed it is possible 
that some of the effects of even immediate ' shock' may be due, 
not, as suggested above, to the action of an inhibitory or exhausting 
stimulus, but to the sudden cessation of habitual influences. 

Still, in spite of all these difficulties, it is possible not only to 
ascertain the working of an isolated portion of the central nervous 
system, but even to infer from the results some conclusions as to 
the share taken by that portion in the working of the entire and 
intact system. There can be no doubt, for instance, that the 
spinal cord can, quite apart from the brain, carry out various reflex 
actions, and that moreover it does carry out actions of this kind 
when in the intact organism it is working in concert with the 
brain. Indeed the carrying out of various reflex actions seems to 
be one of the most important functions of the spinal cord, so 
much so that, though the brain or, at least, parts of the brain can 
also and do devolope reflex actions, the spinal cord offers the best 
field for the study of these actions. We have already (§ 101) 
touched on the general features of reflex actions, and elsewhere 
have incidentally dwelt on particular instances ; we may therefore 
confine ourselves now to certain points of special interest. 

§ 583. Reflex movements are perhaps best studied iu the 
firog and other cold-blooded animals, since in these the actiona 
of the cord are less dependent on, and hence less obscured by 
the working of, the other parts of the central nei-vous system. 
They obtain however in the warm-blooded mammal also, but in 
these special precautions are necessary to secure their full 
development. In the frog the shock, which as we have said 
follows upon division of the spinal cord and for a while suspends 
reflex actiWty, soon passes away ; within a very short time after 
the bulb for instance nas been divided the most complicated reflex 
movements can be carried on by the frog's spinal cord when the 
appropriate stimuli are applied. With the mammal the case is 
very different. For days even after division of the spinal cord the 
parts of the body supplied by nerves springing from the cord below 
the sectiou may exhibit very feeble reactions only. In the dog, 
for instance, after division of the spinal cord in the lower dorsal 
region, the bind limbs hang flaccid and motionless, and pinching 
the bind foot evokes as a response either alight irregular movements 
or none at all. Indeed were our observations limited to this period 
we might infer that the reflex actions of the spinal cord in the 
niamraal were but feeble and insigaificant. If however the animal 
be kept alive for a longer period, for weeks or better still for 
most)^. though no union or regeneration of the spinal cord takes 
place, reflex movements of a powerful, varied and complex character 
nanifest themselves in the hind limbs and hinder parts of the 
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body; a very feeble Btiniutus applied to the akin of these regions 
promptly gives rise to extensive and yet coordinate movements. 
Indeed the more the matter is studied, the stronger is the 
evidence that the reflex movements carried out by isolated 
portions of the spinal cord of the mammal are hardly less definite, 
complete and purposeful, than those witnessed in the froe. It is 
worthy of attention, as bearing out the remarks made above on 
the great diflTerentiation of the central nervous system in the 
higher animals, that the reHex phenomena in mammals vary very 
much not only in different species but also in different individuals 
and in the same individual under different circumstances. Race, 
age, and previous training, seem to have a marked effect in 
determining the extent and character of the reflex actions which 
the spinal cord is capable of carrying out; and these seem also 
to be largely influenced by passing circumstances, such as whether 
food has been recently taken or no. It has been asserted that the 
isolated spinal cord of the rabbit, which has been the subject of so 
many experiments, is, as compared with that of the dog and 
many other mammals, singularly deficient in the power of carrying 
out complex reflex movements. 

In studying reflex actions in man we are met with the 
difficulty that we never have to deal with a portion of the spina! 
cord separated from the rest of the central nervous system under 
the favourable circumstances of experimental investigation. In 
man, we must be content to examine reflex actions either while 
the whole nervous system is intact, or when a portion of the cord 
has been wholly or partially separated by some more or leas diffuse 
disease or by some accident involving more or less crushing of the 
nervous structures. Hence, the caution already given, as to 
drawing inferences concerning man from the results of experi- 
ments on animals, acquires still greater force. 

§ S84. Cwfiniog ourselves at first to the results of experi- 
ments on animals we may say that in both cold-blooded and 
warm-blooded animals the salient feature of ordinary reflex 
actions is their purposeful character, though every variety of 
movement may be witnessed, from a simple spasm to a most 
complex manoeuvre. And in all reflex movements, both simple 
and complex, we can recognize certain determining influences 
which more or less directly contribute to the shaping of this 
purposeful character. 

Thus the features of any movement taking place as part of 
a reflex action are in part determined by the characters of the 
afferent impulses, Simple nervous impulses generated by the direct 
artificial stimulation of afferent nerve-fibres generally evoke as reflex 
movements merely irregular spasms in a few muscles ; whereas 
the more complicated differentiated sensory impulses generated 
by the application of the stimulus to the skin, readily give rise 
to large and purposeful movements. It is easier to produce a 
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complex reflex action by a alight pressure on or other stimulation 
of the skin than by even strong inductiou-Bhocks applied directly 
to a nerve trunk. If, in a brainless frog, the area of skin supplied 
by one of the dorio] cuttuieous nerves be separated by section 
from the rest of the akin of the back, the nerve being left attached 
to the piece of skin and carefully protected from injury, it will be 
found that slight stimuli applied to the surface of the piece of 
skin easily evoke reflex actions, whereas the trunk of the nerve 
may be stimulated with even strong currents without producing 
anything more than irregular movements. In ordinary mechanical 
and chemical stimulation of the skin it is not a single impulse but 
a series of impulses which passes upwards along the aen.%ory nerve, 
the changes in which may be compared to the changes in a motor 
nerve during tetanus. In every reflex action, in fact, the central 
mechanism may be looked upon as being thrown into activity 
through a summation of the afferent impulses reaching it. Hence 
while a reflex action is readily called forth by even feeble induction- 
shocks applied to the skin if they be repeated sufficiently rapidly, 
a solitary induction-shock is ineff'ectual unless it be strong enough 
to cause in the skin or nerves changes of an electrolytic nature 
8ufl!icient to give rise of themselves to a series of impulses. 

§ 686. Wheu a muscle is thrown into contraction in a reflex 
action, the pitch of the sound which it gives forth does not vary 
with the stimulus, but is constant, being the same as that given 
forth by a muscle thrown into contraction by the will. From 
which we infer, even bearing in mind the discussion in g 80 
concerning the nature of the muscular sound, that in a reflex 
action the afferent impulses do not simply pass through the centre 
in the wame way that they pass along afferent nerves, but arc 
profoundly modified. And in accordance with this we find, as we 
shall see, that a reflex action takes up an amount of time, the 
greater part of which is spent in the carrying out of the central 
changes, and which though variable is always much longer, and 
maybe very much longer, than that taken up by the mere passage 
of a nervous impulse along a corresponding length of nerve-fibre. 
The term reflex action is therefore an unsuitable one. The 
afferent impulse is not simply reflected or turned aside into an 
efferent channel; on its arrival at the centre it starts changes of 
a different nature from and more complex than its own ; and the 
issue of efferent impulse is the result of those more complex 
changes, not the mere continuation of the simpler afferent impulse. 
lu other words, the interval between the advent at the central 
organ of afferent, and the exit from it of efferent impulses, is a 
busy time for the nervous substance of that organ; during it 
many processes, of which we have at present very little exact 
knowledge, are being cai-ried on. 

§ 686. The character of the movement forming part of a 
reflex action is also influenced by the intensity of the stimulus. A 
F. III. 63 
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alight Btimulua, such as gentle contact of the akin with some body, 
will produce one kind of movement ; and a strong stimulna. such 
as a sharp prick applied to the same spot of skin, will call forth 
quite a different movement. When a decapitated snake or newt 
is suspended and the skin of the tail lightly touched with the 
finger, the tail bends towards the finger ; when the skin is pricked 
or burnt, the tail is turned away from the offending object. And 
BO in many other instances. It must be rememberedi of course 
that a difference in the intensity of the stimulus entails a 
difference in the characters of the afferent impulses; gentle 
contact gives rise to what, when the brain takes part in the 
action, we call a sensation of touch, while a sharp prick gives 
rise to pain, consciousness being differently affected in the two 
cases because the afferent impulses are different. Hence the 
instances in question are in reality fuller illustrations of the 
dependence, to which we called attention above, of the characters 
of a reflex movement on the characters of the afferent impulses. 

Further, as we have already pointed out (§ 101), while the 
motor impulses started by a weak stimulus applied to an 
afferent nerve are transmitted along a few, those started by & 
strong stimulus may spread to many efferent nerves. Granting 
that any particular afferent uerve is more especially associated with 
certain efferent nerves than with any others, so that the reflex 
impulses generated by afferent impulses entering the cord by the 
former pass with the Ica^t resistance down the latter, we must 
evidently admit further that other efferent nerves are also, though 
less directly, connected with the same afferent nerve, the passage 
into the second efferent nerve meeting with a greater but not an 
insuperable resistance. When a frog is poisoned with strychnia, 
a slight touch on any part of the skin may cause convulsions of the 
whole body ; that is to say, the afferent impulses passing along any 
single afferent nerve may give rise to the discharge of efferent im- 
pulses along any or all of the efferent nerves. This proves that a 
physiological though, as we have seen, not an anatomical continuity 
obtains between all the parts of the spinal cord which are concerned 
in reflex action, that the nervous arrangement intervening between 
the afferent and efferent fibres forms along the whole length of the 
cord a functionally continuous field. This continuous held how- 
ever we must suppose to be marked out into tracts presenting 
greater or less resistance to the progress and transformation of the 
impulses. We have seen (§ 569) that the fibres of a dorsal root 
effect synapses with cells whose axons go to form a ventral i-oot. 
This is the simplest form of a reflex mechanism, the one in which 
there is the least resistance, the impulse along the afferent filament 
impinging on the dendrite or body of the efferent cell, and so 
directly giving rise to impulses along the efferent (motor) axon. 
If, as seems to be the case, the fibres m one dorsal root may thus 
make direct connections, not only with the cells belonging to the 
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fibre of its fellow ventral root but alao to those of roots above or 
even below, the path to the fibres of the fellow ventral root may 
still be considered as offeriag less resistance than do the other 
pftths ; this would seem to follow from the distance to be travelled, 
even if there were no other determining influences. But a dorsal 
root makes direct connections of this kind with at must a few of 
(be nearest ventral roots ; the connections of that dorsal root with 
Other ventral roots is an indirect one, one carried out by the relay 
«f some ceil or other of the grey matter ; and the introduction of 
this relay will greatly increase the resistance. With still more 
distant ventral roots, more than one such cell may be introduced 
as a relay into the chain, and the resistance still further increased. 
And so on. Without insisting too much on this view we may 
accept it as suggesting an explanation of how the path of any 
impulse, and so its effects, may be determined by its initial energy. 
On the other hand we may suppose that some change in the con- 
dition of the filaments and cells of the chain might so reduce the 
resistance that even weak impulses should travel over the whole 
of it with great ea.se, and may thus explain the action of the 
strychnia. 

§ B87. Further, the movement, forming part of a reflex 
action, varies in character according to the particular part of the 
body to which the stimulus is applied. The reflex actions 
developed by stimulation of the internal viscera are different 
from tnose excited by stimulation of the skin. We have reason 
to think that the contraction of or other changes in a skeletal 
muscle may produce, by reflex action, contractions of other muscles ; 
and such reflex actions also differ from those started by stimulation 
of the skin. In reflex actions started by applying a stimulus to 
the skin the movements vary largely according to the particular 
area of the skin which is affected. Thus, pinching the folds of 
skin surrounding the anus of the frog produces different effects 
from those witnessed when the flank or toe is pinched ; and, 
speaking generally, the stimulation of a particular spot calls 
forth particular movements. In the case of the simpler reflex 
movements, it appears to be a general rule that a movement 
started by the stimulation of a sensory surface or region on one 
side of the body, is developed on the same side of the body, and 
if it spreads to the other side, still remains most intense on 
the same side ; the movement on the other side moreover is 
symmetrical with that on the same side. It has been main- 
tained that ' crossed ' or diagonal reflex movements, as where 
stimulation of one fore-foot leads to movements of the opposite 
hind-limb, do not occur unless some portion of the bulb be left 
attached to the spinal cord. Seeing that locomotion in four- 
footed animals is largely effected by diagonal movements of the 
limbs, one would rather have expected to find the spinal cord 
itself provided with mechanisms to assist in carrying them out ; 
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and indeed it is affirmed that in the case of cold-blooded animals 
and of many young mammals, after division of the spinal cord 
below the bulb, a, geutle stimulation will provoke a diagonal 
movement, slight pressure on one fore-foot for example giving 
rise to movements in the opposite hind-leg ; a strong stimulus 
however will produce an ordinary one-sided movement. Again, 
when in a dog the cord has been divided in the lower thoracic 
region so that the hind limbs depend on the lumbar cord alone, a 
rhythmically repeated drawing up and letting down of the hind 
limbs is witnessed when these are allowed to hang down ; and 
these movements, which appear to be of a reflex nature excited 
by the pendant position of the limbs, are often seen to alternate 
regularly in the two limbs, the right leg being extended while the 
left leg is being drawn up and vice versa. It may further be 
observed that if the foot of one pendant limb be pinched while 
the other iimb is passively flexed the flexion of the limb which is 
pinched is accompanied by an extension of the other limb. In 
these respects however different animals, as already urged, differ 
from each other, 

§ 688. From these and similar phenomena we may infer that 
the nervous field spoken of above is, ao to speak, mapped out 
into nervous mechanisms by the establishment of lines of greater 
or less resistance, so that the disturbances in it generated by 
certain afferent impulses are directed into certain efferent channels. 
It may be added that though conspicuously purposeful movements 
seem to need the concurrent action of several segments of the cord, 
and, as a rule, the greater the length of the cord involved the 
more complex and the more distinctly purposeful the movement, 
still the movements evoked by even a segment of the cord may 
be purposeful in character; hence we must conclude that every 
segment of the nervous field is mapped out into mechanisms. 
But the arrangement of these mechanisms, especially of the more 
complex ones, is not a fixed and rigid one. We cannot always 
predict exactly the nature of the movement which will result from 
the stimulation of any particular spot, because the result will vary 
according to the condition of the spinal cord, especially in relation 
to the strength and character of the stimulus. Moreover, under 
a change of circumstances a movement quite different from the 
normal one may make its appearance. Thus when a drop of acid 
is placed on the right flank of a brainless frog, the right foot ia 
almost invariably used to rub off the acid; in this there appears 
nothing more than a mere ' mechanical ' reflex action. If however 
the right leg be cut off, or the right foot be otherwise hindered 
from rubbing off the acid, the left foot is, under the exceptional 
circumstances, used for the purpose. This at first sight looks 
like an intelligent choice. A choice it evidently is ; and were 
there many instances of choice, and were there any evidence 
of a variable automatism, like that which we call ' volition,' 
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being manifested by the spinal cord of the frog, we should be 
justified in supposing that the choice was determined by an 
intell^ence. But, as wc shall have occasion later on to point out, 
a frog, deprived of its brain so that the spinal cord only is left, 
makes no spontaneous movementtj at all. Such an entire absence 
of spontaneity is wholly incouaiatent with the possession of 
intelligence. Then again the above experiment, if not the only 
instance, is at all events by far the most striking instance of choice 
on the part of & brainless frog. We are therefore led to conclude 
that the phenomena must be explained in some other way than 
by being referred to the working of an intelligence. Moreover 
this conclusion is supported by the behaviour of other animals. 
Thus similar vicarious reflex movements may be witnessed in 
mammals, though not perhaps to such a striking extent as in frogs. 
In dogs, in which partial removal of the cerebral hemispheres has 
apparently heightened the reflex excitability of the spinal cord, 
the remarkable scratching movements of the hind leg which are 
called forth by stimulating a particular spot on the loins or side of 
the body, are executed by the leg of the opposite side, if the leg of 
the same side be gently held. In this case the vicarious movements 
are ineffectual, the leg not being, as in the case of the frog, crossed 
over so as to bear on the spot stimulated, and cannot be considered 
aa betokening intelligence. Again, the ' mechanical ' nature of 
reflex actions is well illustrated by the behaviour of a decapitated 
snake. When the body of the animal in this condition is brought 
into contact at several places at once with an arra or a stick, 
complex reflex movements are excited, the obvious purpose as well 
as effect of which is to twine the body round the object. A 
decapitated snake will however with equal and fatal readiness 
twine itself round a red-hot bar of iron, which is made to touch its 
skin in several places at the same time. 

§ 589. In considering the nature of the events in the spinal 
cord which determine the behaviour of the frog in the instance 
just mentioneil we must bear in mind that tne movements in 

auestion are 'coordinated;' that is to say, not only are many 
istinct muscles brought into play but certain relations are 
maintained between the amount, duration, and exact time of 
, occurrence of the contraction of each muscle and those of the 
i contractions of its fellow muscles sharing in the movement. In 
' the absence of such coordination the movement would become 
irregular and ineffectual. Wc shall have occasion later on in 
dealmg with voluntary movements to point out that the coordina- 
tion, and hence the duo accomplishment of a voluntary movement 
is dependent on certain afferent impulses passing up from the 
contracting muscles to the central nervous system, and guiding the 
discharge of the efferent impulses which call forth the contractions. 
When these afferent impulses affect consciousness we speak of 
them as constituting a ' muscular sense;' it is, as we shall see, by 
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the ' muscular sense ' that we become aware of and can appreciate 
the condition of our muscles. But we have reason to think that 
the afferent impulses which couHtitute the basis of the muscular 
sense, whatever be their exact nature, in order to play their part 
in bringing about the coordination of a voluntary movement need 
not pass nght up to the brain and develope a distinct muscular 
' sense,' but may produce their effect by working on the nervous 
mechanisms of the spinal cord with which the motor fibres 
carrying out the movement are connected. In other words, the 
coordination of a voluntary movement takes place in the part of 
the spinal cord which carries out the movement, and not in the 
bniin, though the latter may be conscious of the whole movement 
including its coordination. 

But if the spinal cord possesses mechanisms for carrying out 
coordinated movements, wnich in the case of voluntary move- 
ments are discharged by nervous impulses descending from the 
brain, we may infer that in reflex actions the same mechanisms 
are brought mto action though they are discharged by afferent 
impulses coming along afferent nerves instead of by impulses 
descending from the brain. The movements of reflex origin, 
in all theu- features except their exciting cause, appear identical 
with voluntary movements ; the two can only be distinguished 
from each other by a knowledge of the exciting cause. And it 
seems unreasonable to suppose that the spinal cord should possess 
two sets of mechanisms in all respects identical save that the one 
is discharged by volitional impulses from the brain and the other 
by afferent impulses from afferent nerves. 

We are led therefore to the conclusion that in a reflex action 
carried out by the cord two kinds of afferent impulses are 
concerned : the ordinary afferent impulses which start the move- 
ment, which discharge the nervous mechanism within the cord 
and so provoke the movement, and the afferent impulses which 
connect that nervous mechanism with the muscles about to be 
called into play, and which take part in the coordination of the 
movement provoked. The nature of these latter afferent impulses 
is at present obscure ; we know as yet little more than the fact of 
their existence ; but if we admit, as we seem compelled to do. 
that the character of a reflex action is determined by them as well 
as by the afferent impulses which actually discharge the mecha- 
nism, it seems possible that a fuller knowledge of these coordinating 
afferent impulses may afford an adoi^uate explanation of the fact 
that when, as in the case of the frog in question, the usual set of 
muscles cannot be employed by the nervous mechanism, recourse 
is bad to another set. 

We have avoided the introduction of the word ' consciousness ' 
as unnecessarily complicating the question; and it would be out 
of place to discuss psychological problems here. We may remark 
however that since we have no objective proofs of 
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^^H outside ourselves, and only infer by analogy that such and such an 
^^H act is an outcome of consciousness on account of its likeoees to 
^^H acts which are the outcome of our own consciousness, we conclude 
^^H that the brainless &og possesses no active consciousness like our 
^^H own, because absence of spontaneous movements seems to be 
^^H irreconcilable with the existence of an active consciousness whose 
^^H very essence is a series of changes. Consciousness as we recognize 
^^H it seems to be necessarily operating as, or to be indissoTubly 
^^H associated with the presence of, an incessantly repeated internal 
^^H stimulus; and we cannot conceive of that stimulus failing to 
^^H excite mechanisms of movement which, a^ in the case of the 
^^B brainless frog, are confessedly present. We may however distin- 
^^r guish between an active abiding consciousness, such as we 
I usually understand by the term, and a passing or momentai^ 

condition, which we may speak of as consciousness, but which is 
wholly discontinuous from an antecedent or from a subsequent 
siinilar momentary condition; and indeed we may suppose that 
the complete consciousness of ourselves, and the similarly com- 
plete consciousness which we infer to exist in many animals, has 
^^^ been gradually evolved out of such a rudimentary consciousness. 
^^^ We may, on this view, suppose that every nervous action of a 
^^H certain intensity or character is accompanied by some amount 
^^f of consciousness, which we may, in a way, compare to the 
^^^ light emitted when a combustion previously giving rise to 
invisible heat waxes fiercer. We may thus infer that when the 
brainless frog is stirred by some stimulus to a reflex act, the 
epiual cord is lit up by a momentary flash of consciousness 
coming out of darkness and dying away mto darkness again ; and 
we may perhaps further infer that such a passing consciousness is 
the better developed the larger the portion of the cord involved in 
the reflex Eict and the more complex the movement. But such a 
momentary flash, even if we admit its existence, is something 
very different from consciousness as ordinarily understood, is far 
removed from intelligence, and cannot be appealed to as explaining 
the ' choice ' spoken of above, 

§ 690. Lastly, the characters of a reflex movement are, as we 
1^^^ Deed hardly say, dependent on the intrinsic condition of the cord. 
^^K The action of strychnia just alluded to is an instance of an 
^^H apparent augmentation of reflex action best explained by supposing 
^^^P that the resistances in the cord are lessened. There are probably 
^^^ however cases in which the explosive energy of the nervous 
substance is positively increased above the normal. Conversely, 
by Tarious influences of a depressing character, as by various 
aniesthetics or other poisons, reflex action may be lessened or 
. prevented ; and this again may arise either from an increase of 
I resistance, or from a diminution in the actual discharge of energy. 
So, also, various diseases may so affect the spinal cord as to produce 
' on the one hand increased reflex excitability, so that a mere touch 
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may produce a violent movement, and on the other hand dimmifihed 
reflex excitability, ho that it becomes difficult or impossible to call 
forth El reflex action, 

§ 591, When we come to study the reflex actions of man we 
should at first perhaps be inclined to infer that, since in him the 
spioal cord is so largely used as the instrument of the brain, the 
independent reflex actions of the cord, at least such as affect 
skeletal muscles, are in him of much less importance thou they 
appear to be in animals ; and experience seems to support this 
view. But it must be remembered that in his case, as we have 
already stated (§583), we lack the guidance of experimental results; 
we are obliged to trust to the entangled phenomena of disease or 
to a study of the behaviour of the cord while it is still a part of 
an intact nervous system ; and each of these methods presents 
difficulties of its own. The movements, which in the intact human 
body we can recognize as indubitable reflex actions, are as a rule 
simple and unimportant. They are, in by far the greater number 
of instances, occasioned by stimulation of the skin or of the mucous 
membrane, for the most part involve a few muscles only, and rarely 
indicate any very complex coordination. The flexion, followed by 
extension, of the leg which is called forth by tickling the sole of 
the foot, or the winking of the eye when the cornea or conjunctiva 
is touched, may perhaps be regarded as the type of these move- 
ments. A very common form of reflex action is that in which a 
muscle or group of muscles is thrown into contraction by stimula- 
tion of the overlying or neighbouring skin, as when the abdominal 
muscles contract upon stroking the skin of the abdomen or the 
testicle is retracted upon stroking the inside of the thigh. A 
reflex movement may occur as the result of stimulation of an organ 
of special sense, parts of the central nervous system other than 
the spinal cord serving as the centre. A sound or a flash of 
light readily produces a start, a bright light makes the eye wink 
and may cause a person to sneeze (the greater coordination 
manifest in this act being due to the fact that the complex 
respiratory mechanism is brought into play, § 391), and reflex 
movements may result from a taste or smell. An action resemb- 
ling at least a reflex action, is called forth by sharply striking 
certain tendons; for instance striking the tendon below the 
patella gives rise to a sudden extension of the leg, known as the 
'knee-jerk'; but it will be best to disi:uss these tendon reactions 
or 'tendon reflexes,' as they are often called, later on in another 
connection. 

On the whole the reflex movements carried out by the intact 
nervous system of man are, we repeat, scanty and comparatively 
simple; and the same features characterize the reflex movements 
carried out by the cord or by parts of the cord which are witnessed 
in various diseases. 

In some stages of certain diseases of the spinal cord extensive 
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reflex movements are witnessed ; but these are not purposeful 
coordioated movements, such as have been described above as 
occurring in frogs and mammals ailer experimental interference, 
but rather mere exaggerations of the simpler reflex movements 
witnessed when the nervous system is intact. In cases of para- 

Elegia (such being the term generally used when disease or injury 
as cut oft' the cord, generally the lower part of the cord, from 
the brain so that the will cannot bring about movements in. and 
the mind derives no sensations from, tne parts below the lesion, 
the legs for instance), it sometimes happens that contact with the 
bedclothes, or other external objects, sets up from time to time 
rhythmically repeated movements, the legs being alternately drawn 
up and thrust out agaio. It is rarely if ever that reflex movements 
of a really complicated character are observed. Moreover clinical 
experience shews that in man, when a portion of the cord is 
isolated, reflex actions carried out by means of that portion 
BO far from being exaggerated are much oftener exceedingly 
feeble or absent altogether. In the cases in which the physio- 
logical continuity of the lower with the upper part of the cord 
has been broken by disease, by some growth invading the 
nervous structures or by some changes of the nervous structures 
themselves, we may attempt to explain the absence from the 
lower part of coordinate reflex activity, such as is seen in the 
lower animals, as due to the disease not only affecting the powers 
of the actually diseased part, but influencing the whole cord 
below, and either by inhibition, of which we shall speak presently, 
or in some other way depressing its functions. But the same 
absence of complex reflex movements is also often observed in 
cases in which tne cord has been severed by accident, and indeed, 
though accidental injuries to the human cord generally produce 
more profound and extensive mischief than that which results 
in animals from skilful experimental interference, clinical ex- 
perience reveals only simple and scanty reflex actions, and so tends, 
on the whole, to support the view that in man the more complete 
subordination of the spiual cord to the brain has led to the dying 
out of the complex reflex actions which are so conspicuous in the 
lower animals. 

Moreover a like absence of complex purposeful spinal reflex 
movements is met with also in monkeys ; and that even when the 
experimental interference has been carried out with the greatest 
care. For instance, when the spiual cord has been divided in a 
monkey in the thoracic region, the reflex movements which can 
be evoked in the lower limbs are remarkably scanty and simple. 

We must not however therefore conclude that the nervous 
mechanisms for carrying out varied reflex movements are absent 
from man and the monkey, though present in the dog and the 
frog. We may suppose that in the former animals the effects, 
which we have spoken of as those of ' shock,' are more lasting and 
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more profound than in the latter, and further that in the former 
the spinal mechaniams, owing to the close functional dependence of 
the spinal cord on the brain in these animals, suffer in some way and 
lose their activity upon separation from the brain before the effects 
of shock have passed away. And that such spinal mechanisms 
are present is suggested by the following considerations. 

When we come to study voluntary movements we shall see 
reason to think that in man, as in the lower animals, the will in 
carrying out these movements makes use of complex nervous 
mechanisms situated in the spinal cord, nervous mechanisms into 
the working of which, as urged above, afferent impulses enter 
largely; ana it seems improbable that these spinal mechKnisms 
should be capable of being thrown into action by the will only. 
In the act of walking for instance it is highly probable that the 
movements of the legs sj-e the direct results of the action of nervous 
mechanwms in the lumbar cord; the will simply brings these 
mechanisms into play and the movements are thus, in an indirect 
manner only, the products of volitional impulses. And even though 
clinical and experimental experiences only afford us instances in 
man and in the monkey of this machinery working apart from 
the brain in a damaged condition or at least under unfavourable 
circumstances so that the resemblance of the movements observed 
to the complete act of walking is but feeble, still it seems probable 
that under more favourable circumstances the lumbar cord separated 
from the brain might as part of a reflex act carry out the move- 
ments in a more complete and coordinate manner. 

§ 692. We have dwelt above chiefly on reflex actions, in which 
the efferent impulses cause contractions of skeletal muscles since 
these are undoubtedly the most common and the most prominent 
forms of reflex action ; but it must not be forgotten that the 
efferent impulses of reflex origin may produce contractions of 
other muscles, aa well as other effects, such as secretion for in- 
stance. On several of these we have dwelt from time to time in 
previous parts of this work, and it will be unnecessary to repeat 
them here. But it may be worth while to point out that the 
spinal cord by serving as a reflex centre for innumerable ties 
which correlate the nutritive or metabolic activities of the several 
tissues to events taking place in other parts of the body, plays a 
conspicuous part in securing the welfare of the whole body. In 
dealing (§ 549) with the general problems of nutrition, we stated 
that an orderly nutrition appears to be in some way dependent 
on nervous influences. Many of these nervous influences appear 
to issue from the spinal cord, either as parts of a reflex act, or as 
the outcome of some automatic processes. When in a dog the 
lumbar cord is wholly separated from the rest of the cord by 
section, the nutrition of tne hind limbs, and the general health 
of the animal may, with care, be maintained in a veiy satisfac- 
tory condition ; but if that small separated piece of the cord be 
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destroyed death inevitably ensues before long, in spite of every care 
and precaution, being brought about apparently by the disordered 
Dutntion of the hind limbs and other parts supplied by nerves 
coming from the lumbar cord. In man, extensive injuries to the 
spinal cord are followed by bed-sores and other results of impaired 
nutrition ; and indeed death is generally brought about in this 
way, in cases of paraplegia caused by accidental cru.shing or 
severance of the cord. The scarcity of well-marked reflex actions 
mentioned above as characteristic of such cases, may perhaps be 
due to the fact that these disorders of nutrition prevent the 
patient living long enough for the separated cord to recover the 
functions which properly belong to it. 

§ 693. Inhibition of Reflex Action. The reflex actions of the 
spinal cord, like other nervous actions, may be totally or partially 
inhibited, that is to say, may be arrested or hindered in their 
development by impulses reaching the centre while it is already 
in action. Thus if the body of a decapitated snake be allowed to 
hang down, slow rhythmic pendulous movements, which appear 
to be reflex in nature, soon make their appeattince, and these may 
be for a while arrested by slight stimulation, as by gently stroking 
the tail. We have already seen that the action of such nervous 
centres as the respiratory and vaso-motor centres, which frefjuently 
at all events is of a reflex nature, may be either inhibited or 
augmented by afferent impulses. The micturition centre in the 
mammal, which is also largely a reflex centre, may be easily 
inhibited by impulses passing downward to the lumbar cord from 
the brain, or upward along the sciatic nerves. In the case of 
dogB, whose spinal cord has been divided in the thoracic region, 
micturition set up as a reSex act by simple pressure on the 
abdomen or by sponging the anus, is at once stopped by sharply 
pinching the skjn of the leg. And it is a matter of common 
experience that in man micturition may be suddenly checked by 
an emotion or other cerebral event. The erection centre in the 
lumbo-sacral cord, also in large measure a reflex centre, is similarly 
susceptible of being inhibited by impulses reaching it from various 
sources. In the monkey when the spinal bulb is left in connection 
with the spinal cord, the rest of the brain having been removed, 
peculiar long-continued reflex movements may be easily evoked by 
ui appropriate stimulus; thus when the finger is dipped in hot 
water the whole arm is bent, brought forward and kept in that 
position for some time ; but a pinch of the ear at once arrests the 
movement and brings down tlie arm again. And indeed many 
similar instances of the inhibition of reflex movements might 
readily be quoted. 

Several apparent instances of the inhibition of reflex acts are 
BOt really such : in these cases all the nervous processes of the 
act may take place in their entirety and yet fail to produce their 
effect on account of a failure in the muscular part of the act. 
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Thus when we ourselves by an effort of the will stop the reflex 
movemeuts which otherwise would be produced by tickling the 
soles of the feet, we achieve this to a Wge extent by throwing 
voluntarily into action certain muscles, the contractioua of which 
antagonise the action of the muscles engaged in carrying out the 
reflex movements. But it may be doubted, even in these cases, 
whether inhibition is always or wholly to be explained in this 
way; and certainly in very many instances of reflex inhibition. 
no such muscular antagonism is present, and the reflex act is 
checked at its nervous centre. 

When the brain of a frog is removed, and the effects of shock 
have passed away, reflex actions are developed much more readily 
and to a much greater degree than in the entire animal, and in 
mammals also reHex excitability has been observed to be increased 
by removal of the cerebral hemmpheres. This suggests the idea 
that in the intact nervous system the brain is habitually exerting 
some influence on the spinal cord tending to prevent the normal 
development of the spinal reflex actions. And we leani by ex- 
periment that stimulation of certain pai'ts of the brain has a 
remarkable effect on reflex action. If a frog, from which the 
cerebral hemispheres have been removed (the optic lobes, bulb 
and spinal cord being left intact), be suspended ny the jaw, and 
the toes of the pendent legs be from time to time dipped into very 
dilute sulphuric acid, a certain average time will be found to 
elapse between the dipping of the toe and the resulting with- 
drawal of the foot. If, however, the optic lobes or optic thalami 
be stimulated, as by putting a crystal of sodium chloride on 
them, it will be found on repeating the experiment while these 
structures are still under the influence of the stimulation, that 
the time intervening between the action of the acid on the toe 
and the withdrawal of the foot is very much prolonged. That is 
to say, the stimulation of the optic lobes has caused impulses 
to descend to the cord, which have there so interfered with the 
nervous processes engaged in carrying out reflex actions as greatly 
to retard the generation of efferent impulses, or in other words, 
has inhibited the reflex action of the cord. And similar results 
may be obtained in mammals by stimulating certain parts of 
the corpora quadrigemina, which bodies are homologous to the 
optic lobes of frogs. From this it has been inferred that there 
is present in this part of the brain a special mechanism for in- 
hibiting the reflex actions of the spinal cord, the impulses 
descending from this mechanism to the various centres of reflex 
action being of a speciSc inhibitory nature. But, as we have 
already seen, impulses of an ordinary kind, passing along ordinary 
sensory nerves, may inhibit reflex action. We nave quoted in- 
stances where a slight stimulus, as in the pendulous movements 
of the snake, and where a stronger stimulus, as in the case 
of the micturition of the dog, may produce an inhibitory result; 
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we may add that in the 1toc[ adequately strong stimuli applied 
to any afferent nerve will inhibit. i.e. will retard or even wholly 
prevent refiex action. If the toes of one leg are dipped into 
dilute sulphuric acid at a time when the sciatic of the other 
leg is being powerfully stimulated with an interrupted current 
the period of incubation of the reflex act will be found to be 
much prolonged, and in some cartes the reflex withdrawal of the 
foot will not take place at all. And this holds good, not only in 
the complete absence of the optic lobes and bulb, but also when 
only a portion of the spinal coitl, sufficient to carry out the reflex 
action in the usual way, is left. There can be no question here 
of any specific inhibitory centres, such as have been supposed to 
exist in the optic lobes. But if it is clear that inhibition of refiex 
action may be brought about by impulses which are not in 
themselves of a specific inhibitory nature, we may hesitate to 
accept the view that a special inhibitory mechanism in the sense 
of one giving rise to nothing but inhibitory impulses is present in 
the optic lobeis of frogs, and after removal of the brain that the 
exaltation of reflex actions which is manifest is due to the with- 
drawal of such a specific inhibitory mechanism. 

The presence of the brain does obviously produce an cftect 
which may be broadly spoken of as inhibitory, and a specific 
action of the brain, in an etfort of the will, may stop or inhibit a 
apeciflc reflex action ; but we must not in these matters be led too 
much away by the analogy of the special and limited cardiac 
inhibitory mechanism. There we have apparently to deal with 
fibrea. whose exclusive duty it is to convey inhibitory impulses 
tram the bulb to the cardiac muscle, and inhibition of the heart, 
at least through nervous influences, is exclusively carried out by 
them. But already, in studying the nervous mechanism of respi- 
ration, we have seen reason to think that afferent impulses passing 
along the same nerves, and probably along the same fibres, may, 
according to circumstances, now inhibit, now augment the respi- 
ratory centre, and have thus been led to speak of inhibitory 
impulses, that is impulses producing an inhibitory effect, apart 
from specific inhibitory fibres. In the complex working of the 
central nervous system, we may still more expect to come across 
similar instances of the same channels serving as the path, either 
of inhibition or of augmentation. In all probability, actions or 
processes, which we may speak of as inhibitory, do play, as indeed 
we shall see, an important part in the whole work of the central 
nervous system ; we shall meet with instances almost immediately 
when we come to deal with ' tone " in relation to the spinal cord. 
In all probability many of the phenomena of nervous life are the 
ootcome of a contest between what we may call inhibitory and 
exciting or augmenting forces ; but in all probability also we ought 
mtber to seek for the explanation of how vagus impulses inhibit 
the beat of the heart by reference to the inhibitory phenomena of 
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the central nervous system, than to attempt to explain the latter 
by the little we kuow of the former. At present, however, we must 
be content with the fact that experiments on animals shew that 
the brain, not only by some action or other may inhibit par- 
ticular spinal reflex movements, but also habitually exercises a 
restraining influence on the reflex activity of the whole cord, 
though we are unable to state clearly how this inhibition is 
carried out. 

We say ' experiments on animals' because though we know, as 
stated above, by an appeal to our own consciousness, that an 
action of the brain, an effort of the will, may stop a particular 
reflex act, we have no evidence that in man separation of the cord 
from the brain leads, as in animals, to heightened reflex activity. 
In diseases, or injuries to the cord, reflex actions are, as wo have 
said, sometimes exaggerated, but it is possible and indeed probable 
that the increase is due to the morbid processes producing a 
greater irritability of the cord itself, and not to the withdrawal of 
any inhibitory influences. In many cases, in perhaps the greater 
number, no exaggeration but a diminution or even absence of 
reflex activity is observed ; bo much so that could we trust expli- 
citly to clinical experience, we should be inclined to conclude that 
the scantiness of spinal reflex action in man was due not to any 
preoccupation of the cord by influences proceeding from a dominant 
brain, but to an inherent paucity of spinal reflex mechanisms. 
But we have already said all we have at present to say on this 
point. 

§ 594. The Time required for Reflex Actions. When one 
eyelid is stimulated with a sharp electrical shock, both eyelide 
blink. Hence, if the length of time intervening between the 
stimulation of the right eyelid and the movement of the left 
eyelid be measured, this will give the total time required for the 
various processes which make up a reflex action- It has been 
found to be from ■0662 to '0578 sec. Deducting from these figures 
the time required for the jjassage of afferent and efferent impulses 
along the fifth aud facial nerves to and from the bulb, and for the 
latent period of the contraction of the obicularis muscle, there 
would remain ■0555 to 'Oi?! sec. for the time consumed in the 
central operations of the reflex act. The calculations, however, 
necessary for this reduction, it need not be said, are open to 
sources of error ; moreover the reflex act in question is carried out 
by the bulb and not by the spinal cord proper. Blinking thus 
produced is a reflex act of the very simplest kind ; but as we have 
seen in the preceding pages, reflex acts differ very widely in nature 
and character; and we accordingly find, as indeed we have 
incidentally mentioned, that the time taken up by a reflex 
movement varies very largely. This indeed is seen in blinking 
itself. When the blinking is caused not by an electric shock 
applied to the eyelid, but by a flash of light falling on the retina. 
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^H ID which case complex visual processes are mvolved, the time 
^™ is distinctly proioneed ; moreover the results in different ex- 
periments in which light aenes as the stimulus are not nearly so 
tmifomi as when the blinking is caused by stimulation of the 
eyelid. 

In general it may be said that the time required for any 
reflex act varies to a great extent with the strength of the 
stimulus employed, being less for the stronger stimuli. So far ae 
we know all impulses whether started by a weak or by a strong 
stimulus travel along a nerve fibre at the same rate; hence the 
quickening of the whole reflex act with the stronger impulse must 
be due to mcrcased facility of transference at the synapses or more 
rapid action in the cell-bodies of the nerve-cells concerned. It is 
stated that when the movement induced is on the same side of 
the body aa the surface stimulation of which starts the act, the 
time taken up is less than when the movement is on the other 
side of the body, allowance being made for the length of central 
nervous matter involved in the two cases ; that is to say, the 
central operations of a reflex act are propagated more rapidly 
along the cord than across the cord The rapidity of the act 
varies of course with the condition of the spinal cord, the act 
being greatly prolonged when the cord becomes exhausted ; and 
ft similar delay has been observed in cases of disease. The time 
thus occupied by purely reflex actions must not be confounded 
with the interval required when the changes taking place in the 
central nervous system are of a more complicated nature, and 
I SBOre or less distinctly involve mental operations; of the latter we 
'1 speak later on. 



THE AUTOMATIC ACTIONS OF THE 
SPINAL CORD. 



§ 596. We speak of an action of an organ or of a living body 
as being spontaneous or automatic when it appears to he not 
immediately due to any changes in the circumstances in which the 
organ or body is placed, but to be the result of changes arising in 
the organ or body itself and determined by causes other than the 
influences of the circumstances of the moment. Some automatic 
actions are of a continued character ; others, like the beat of the 
heart, are repeated in regular rhythm ; but the most striking 
automatic actions of the living body, those which we attribute to 
the working of the will and which we call voluntary or volitional, 
are characterized by their apparent irregularity and variableness. 
Such variable automatic actions form the most striking features 
of an intact nervous system, but are conspicuously absent from a 
spinal cord when the brain has been removed. 

A bnvinless frog plsiced in a condition of complete equilibrium 
in which no stimulus is brought to bear on it, protected for in- 
stance from sudden passing cnanges in temperature, from a too 
rapid evaporation by the skin and the like, remains perfectly 
motionless until it dies. Such apparently spontaneous movements 
as are occasionally witnessed are so few and seldom, that we can 
hardly do otherwise than attribute them to some stimulus, internal 
or external, which has escaped observation. In the mammal (dog) 
after division of the spinal cord in the dorsal region regular and 
apparently spontaneous movements may be observed in the parts 
governed by the lumbar cord. When the animal has thoroughly 
recovered from the operation the hind limbs rarely remain quiet 
for any long period ; they move restlessly in various ways ; and 
when the animal is suspended by the upper part of the body, the 
pendent hind limbs are continually being drawn up and let down 
again with a monotonous rhythmic regularity, suggestive of 
automatic rhythmic discharges from the central mechanisms of 
the cord. In the newly-born mammal too, after removal of the 
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In^in, movements apparently spontaneous in nature are frequently 
observed. But all these movements, even when most highly deve- 
loped, are very different from the movements, irregular and variable 
in their occun-ence though orderly and purposeful in their character, 
which we recognize as distinctly voluntary. Even admitting that 
Bome of the movements of the brainless mammal may resemble 
voluntary movements in so far as they are due to changes taking 
place in the spinal cord itself independent of the immediate 
influence of any stimulus, we are not thereby justified in speaking 
of the spinal cord as developing a will in the sense that we 
attribute a will to the brain. 

§ 596. In the case of the beat of the heart, the automatic 
rhythmic discharge of energy appears to be exclusively the outcome 
of the molecular nutritive changes taking place in the cardiac 
snbatance. The beat may be modified, as we have seen, by nervous 
impulses reaching the cardiac substance along certain nerves ; 
but the actual existence of the beat is wholly independent of these 
extraneous influences ; the rhythmic discharge continues when they 
are entirely absent. The automatic rhythmic discharge of respi- 
ratory impulses from the respiratory centre is also dependent on 
the intrinsic molecular changes of the centre, these being, as we 
have seen, largely determined by the character of the blood 
streaming through it ; but in this case extrinsic nervous impulses, 
reaching the centre along the vagus and other nerves, play a much 
more important part than do similar impulses in the case of the 
heart. They act so continually on the centre and enter so largely 
into its working, that we are compelled to regard the activity of 
the centre as fed, if we may use the word, not only by the 
intrinsic molecular nutritive processes of the centre itself, but also 
by the extrinsic nervous influences which flow into the centre from 
without. The automatism of the spinal cord as a whole resembles, 
in this aspect, that of the respiratory centre rather than that of 
the heart. It has for its basis doubtless the intrinsic molecular 
changes of the grey matter, on whose remarkable constitution we 
dwelt in a previous section ; the metabolic events of this substance 
are so ordered as to give rise to discharges of energy; but the 
discharge appears to be also intimately dependent on the inflow 
into the grey matter of aflTerent impulses and influences. The 
normal discharge of efferent impulses from the cord undoubtedly 
takes place under the influ<;nce of theue incoming impulses ; and 
it may be doubted whether the grey matter of the cord would be 
"*■'!, m the absence of all afferent impulses, to generate any sus- 
led aeries of discharges out of its merely nutritive intrinsic 
The automatic activity of the cord is fed not only by 
insic nutritive events, but also by extrinsic influences. 
In this feature we may, moreover, find perhaps the reason why 
automatic activity of the spinal cord is so limited, as compared 
b that of the brain. In spite of certain striking but superticial 
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characters of which we shall speak later on, the grey matter of the 
brain presents no histological features so different from those of 
the grey matter of the cord, as to justify us in concluding that the 
one IS capable and the other incapable of developing the impulses, 
which we call volitional, out of the molecular nutritive changes of 
its substance. We are, therefore, led to the conclusion that the 
fuller automatic activity of the brain is due to the intrinsic 
chancres of its substance being so much more largely assisted by 
the influx of various afferent impulses and influences, notably 
those of the special senses. To this question, however, we shall 
have to return later ou. 

§ 697. In treating of the vascular system we saw that the 
central nervous system exercised through the vaso-motor nerves 
such an influence on the muscular coats of the blood vessels as to 
maintain, what we spoke of as ' tone,' section of vaso -cod stricter 
fibres leading to "loss of tone." We saw further, that arterial 
tone, though normally dependent on the general vaso-motor centre 
in the bulb, could be kept up by the coni itself, that for instance 
a tone of the blood vessels of the hind-limbs could be maintained 
by the isolated t ho raco- lumbar cord. This maintenance of arterial 
tone may be spoken of as one of the " automatic " functions of the 
spinal cord. We have also seen that plain muscular fibres, other 
than those of the arteries, notably the fibres forming sphincters, 
such as the cardiac and pyloric sphincters of the stomach, the 
sphincter of the bladder, and especially the sphincter of the anus, 
also possess tone, and that tlie tone of these sphincters is also 
dependent on the spinal cord, or on some part of the central 
nervous system. We need not repeat the discussions concerning 
these mechanisms and other instances of the spinal cord eser- 
cising an automatic influence over various viscera; we have 
referred to them here, since they serve as an introduction to a 
quegtion which has been much debated, and which has many 
collateral and important bearings, namely the question whether 
the spinal cord exercist^s an automatic function in maintaining a 
tone of the skeletal muscles. 

The question is not one which, like the case of arterial tone, 
can be settleij off hand by a simple experiment. Some observers 
maintain that the section of a motor nerve does not produce any 
clearly recognizable immediate lengthening of a muscle supplied 
by the uene, in the same way that section of a vaso-constrictor 
nerve undoubtedly gives rise to a relaxation of the muscular fibres 
in the arteries governed by it; and it has been inferred from this 
that skeletal tone does not exist. But others have observed such a 
lengthening; and there are several facts to be taken into con- 
sideration before we can come to a just liecision. 

The skeletal muscle^i have been described as being placed " on 
the stxctch " in the living body. If a muscle be cut away from its 
attachments at each end, it shortens ; if it be cut acn^kss, it gapes. 
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In other words, the muscle in the living body possesses a latent 
tendency to shorten, which is continually being counteracted by 
its disposition and attachments. In studying muscular contraction 
we saw (§ 87 ) that the shortening of a contraction is followed by a 
relaxation or return to the former length, both the contraction 
and relaxation being the result of molecular changes in the living 
muscular substance. We have now to extend our view and to 
recognize that, apart from the occrirrence of ordinary contractions, 
molecular changes are by means of nutritive proces.ses continually 
going on in the muscle in such a way that the muscle, though 
continually on the stretch, does not permanently lengthen, but 
retains the power to shorten upon removal or lessening of the 
stretch, and conversely though possessing this power of shortening 
permits itself to lengthen vvhen the stretch is increased. In this 
way the muscle is able to accommodate itself to variations in the 
amount of stretch to which it is from time to time subjected. 
When a liexor muscle for instance contracts, the antagonistic 
extensor muscle is put on an increased stretch and is corre- 
spondingly lengthened ; when the contraction of the flexor passes 
off the extensor returns to its previous length; and so in other 
Linstances. Thus by virtue of certain changes within itself a 
■^nuacle maintains what may be called its natural length in the 
•body, always returning to that natural length both after being 
Jjhortened and after being stretched. In this the muscle does no 
Imore than do the other tissues of the body which, within limits, 
■vetain their natural form under the varied stress and strain of life ; 
f'ltut the property is conspicuous in the muscle ; and its effects in 
ikeletal muscles correspond so closely to those of arterial tone, 
"liat we may venture to speak of it as skeletal tone. Indeed, the 
lolecular changes at the bottom of both are probably the same. 

These changes are an expression of the life of the muscle ; 
Jiey disappear when the muscle dies and enters into rigor mortis ; 
nd moreover, during life they vary in intensity so that the ' tone ' 
jaries in amount according to the nutritive changes going on. 
We have seen reason to believe that the nutrition of a muscle as 
of other tissues is governed in some way by the central nervous 
aystem. We saw, in treating of muscle and nerve (§ 83), that 
the irritability of a muscle is markedly affected by the section of 
ita nerve, i.e. by severance from the central nervous system ; and 
again (§ 5+9) in speaking of the so-called trophic action of the 
nervona system, we referred to changes in the nutrition of muscles 
occasioned by diseases of the nervous system. And experience, 
eBpecially clinical experience, shews that the nutritive changes 
which determine tone are very closely dependent on a due action 
f the central nervous system. When we handle the limb of a 
ealtby man, we tind that it offers a certain amount of resistance 
) passive movements. This resistance, which is quite indepen- 
mt of, that b to say, which may be clearly recoguized in the 
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absence of all distinct muscular contractiona of volitional or other 
origin, is an expression of muscular tone, of the effort of the 
various muscles to maintain their ' natural ' length. In many 
cases of disease this resistance is felt to be obviously less than 
normal ; the limb is spoken of as " limp " or " flabby ; " or as having 
' a want of tone.' In other cases of disease, on the other hand, this 
resistance is markedly increased ; the limb is felt to be stiff or 
rigid ; more or leas force ia needed to change it from a flexed to an 
extended, or from an extended to a flexed condition; and, in the 
range of disease, we may meet with very varying amounts of 
increased resistance, from a condition which is only slightly above 
the normal to one of extreme rigidity. In some cases the condition 
of the muscle is such as at first sight seems much more comparable 
to a permanent ordinary contraction than to a mere exaggeration 
of normal tone; but all intermediate stages ai'e met with; and 
indeed these extreme cases may be taken as indicating that the 
molecular processes which maintain what we are now calling tone, 
are at bottom, of the same nature as those which carry out a 
contraction; they serve to shew the fundamental identity of the 
skeletal tone with the more obvious arterial tone. 

Clinical experience then shews that the central nervous system 
does exert on the skeletal muscles such an influence as to give rise 
to what we may speak of as skeletal tone, changes in the central 
nervous system, leading in some cases to diminution or loss of tone, 
in other cases to exaggeration of tone, manifested often as con- 
spicuous rigidity. The question why the changes take one 
direction in one case and another in another is one of great 
difficulty (the occurrence of extreme rigidity being especially 
obscure), and cannot be discussed here. We have called attention 
to the facts simply because they shew the existence of skeletal 
tone and its dependence on the central nervous system. This 
conclusion is confirmed by experiments on animals, and these also 
afford proof that in animals the spinal cord can by itself, apart 
from the brain, maintain the existence of such a tone. In a frog, 
after division of the cord below the brain, the limbs during the 
period of shock are flabby and toneless ; but after a while, as the 
shock passes off, tone returns to the muscles, and the limbs offer 
when handled a resistance like that of the limbs of an entire frog. 
When the animal is suspended the bind limbs do not hang 
perfectly limp and helpless, but assume a deflnite position ; and 
that this position ia due to some influence proceeding from the 
spinal cora is shewn by dividing the sciatic nerve on one side ; the 
hind limb on that side now hangs quite helpless. This more 
pendent position shews that some of the flexors have lengthened 
m consequence of the section of the nerve, and this result may be 
taken as refiiting the argument, quoted above against the existence 
of tone, which is based on the statement that a muscle cannot be 
observed to lengthen after section of its nerve. It may be here 
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remarked that if the brainless frog, whose hmd-liraba are more or 
less pendent when the body is auepended, be placed on its belly 
the hind-Umbu are brought into a flexed position under the body 
by means of obvious muscular contraction ; and from this it might 
be inferred that the maintenance of the position of the pendent 
limb was also the result of a feeble contraction. But no obvious 
contractions can be observed in the latter case, as in the former; 
and when in the former the iimb has once been brought into the 
flexed position, that position, like the pendent position, is main- 
tained without obvious contractions. As we said above ' tone ' 
may pass into something which appears to be identical with a 
contraction, but where no obvious contractions are observed it 
seems preferable to speak of the state of the muscle as one of tone. 

In the dog, after division of the cord in the thoracic region, the 
bind-limbs during the period of shock are limp and toneless. In 
the warm-blooded animal, as we have said, the effects of shock are 
much more lasting than in the cold-blooded animal ; and in the 
dog the tone of the skeletal muscle returns much more slowly than 
in the frog. Indeed when the division of the cord has taken place 
low down the skeletal tone returns very slowly, and may be mani- 
fested very feebly, or even be absent altogether. But under 
favourable circumstances, when a sufHcieut length of cord has been 
left, a fairly normal tone is reestablished. In man, in accordance 
with the facts previously mentioned (§ 591) skeletal tone, which has 
been lost through the continuity of the cord being broken by 
disease or accident, appears rarely if ever to return fully in the 
regions below the lesion. 

We may therefore on the whole of the evidence conclude that 
the maintenance of skeletal tone is one of the functions of the cord ; 
but we may here repeat that the condition of the cord, on which 
depends the issue from the cord along efferent nerves of the 
influences, whatever their nature, which produce tone in the 
muscle, may be. aod indeed is, in its turn dependent on afferent 
impulses. In the case of the frog quoted above the tone of the 
pendent limbs disappears or is greatly lessened when the posterior 
roots of the sciatic nerves are divided, though the anterior roots be 
left intact. In the absence of the usual stream of afferent impulses 
passing into it, the cord ceases to send forth the influences which 
maintain the tone. Hence the maintenance of tone presents many 
analogies with a reflex action, especially when we remember that, 
as stated above, tone passes insensibly into contraction ; and it may 
seem a mere matter of words whether we speak of the maintenance 
of tone as an automatic or as a reflex action of the cord. We may, 
however, distinguish the part played by the afferent impulses m 
assisting the cord to a condition in which it is capable of 
maintaining tone from the part played by an afferent impulse in 
causing a reflex action ; in the former the action of the afferent 
impulses seems analogous to that of a supply of arterial blood in 
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tnamtainiiig an adequate irritability of the nervous subatance, in 
the latter the afferent impiilseH lead directly to a discharge of 
energy. And it ia convenient to distinguish the two things by 
different names. 

§ 598. The close connection between tone and reflex action is 
iHiistrated by the so-called ' tendon-plienomena," which, on the one 
hand, have been considered as cases of ordinary reSex action, and, 
on the other hand, may be, and more justly, regarded as exempli- 
fying a special influence of the spinal cord on the irritability and 
80 the ' tone ' of the muscles. 

It is well known that when the leg is placed in an easy 
position, resting for instance oq the other leg, a sharp blow on 
the patellar tendon will cause a sudden jerk forward of the leg, 
brought about by a contraction of the extensor muscles of the 
thigh. Similarly the muscles of the calf may be thrown into 
action by tapping the tendo Achiltis put soroewnat on the stretch 
by flexion of the foot ; and bi some cases the same muscles may be 
made to execute a series of regular rhythmic contractions, called 
' clonic ' contractions, by suddenly pressing back the sole of the 
toot so as to put them on the stretch. The contraction of the 
muscles of the thigh produced by tapping the patellar tendon, 
and tamiliarly known as the "knee-jerk,' has been investigated in 
nkuch detail and may, with profit, be considered at some length. 
The main facts are as follows: 

The jerk is brought about by a contraction of the vastus in- 
temus and of part of the crureua division of the quadriceps extensor 
muscle (Fig. Ill, Va. Cr). For its development the presence and 
functional activity of certain nervous structures are necessary; and 
these as in a reflex act consist of a chain of three factors, namely : 
(1) efferent fibres running in the anterior crural nerve, and leaving 
the cord in the monkey (in which animal the act has been experi- 
mentally studied) by the ventral roots of the 4th and 5th lumbar 
(subthoracic) nerves (3rd and 4th in man) ; (2) a spinal centre 
situate in the monkey in the oth and 4th lumbar segments; and 
(3) afferent flbres, reaching the spinal cord in the monkey by the 
dorsal root of the 5th lumbar nerve (4th lumbar in man), and 
arising in the vastus intemus and crurens muscles. If any one of 
these three parts of the chain be interfei-ed with, if the above 
ventral roots be divided, or the centre injured, or the dorsal root 
in question be divided, the jerk is abolished : tapping the tendon no 
longer brings about the contraction. Further, the readiness and 
the vigour of the response to the tap ia modified by such conditions 
of the spinal cord, or of the whole central nervous system, or of 
the body at large as usually modify reflex actions ; thus the jerk ia 
diminished, is wholly or partially inhibited in certain nervous dis- 
eases and by some influences, such as sleep, and is augmented, 
reinforced in other nervous states and by other influences, such as 
vigorous movements of other parts of the body. 
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All thia looks very much as If the act were simply an ordinarr 
reHex act. But a difficulty presents itself. If the time which 
elapses between the blow on the tendon and the begiiining of the 
movement be measured this is found to be very short, 02 sec., far 
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shorter than that of any known reflex act ; and indeed if the 
measurement be made between the tap and the very beginning of 
the contraction of the muscular fibres themselves (as may be done 
by a special arrangement), the internal is actually less than that 
which occurs when the contraction is brought about by stimulating 
the motor nerve at some distance from the muscle. It seems 
imnossible, in view of this fact, to regard the act as a reflex act ; 
ana we are led to the conclusion that the contraction ts idio- 
muscnlar, is brought about by the vibmtionif started in tendon 
running up to the muscle and directly stimulating the muscular 
fibres, and not by nervous impulses making the reflex circuit 
through the spinal cord. But if so. we are at the same time led 
also to the conclusion, that the irritability of the muscle, 
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readiness to respond to the vibrations, is closely dependent on the 
.spinal cord, that the spinal cord is continually exerting an influence 
on the irritability of the muscle. Such an influence is the basis oi 
the tone which we are discuaaing; and the dependence of that 
irritability, of that tone, on the integrity not only of efferent fibres 
and of the centre but also of afferent fibres illustrates what we said 
just now about the nature of tone. 

Further, it is a matter of common experience that to obtain a 
favourable result in the way of a knee-jerk, the tendon and extensor 
muscle should be put somewhat on the stretch ; the limb should be 
flexed. Now, experimental study, in the case of the monkey, has 
shewn that the jerk may on the one hand be inhibited by impulses 
passing up the sciatic nerve from the flexor, hamstring muscles 
(Fig. Ill), and on the other hand be augmented, be rendered 
more brisk by preventing the flow of such impulses, as by dividing 
the fibres of the sciatic distributed to those muscles. Similarly, 
though to a less extent, the jerk is diminished, partially inhibited 
by stretching the hamstring muscles, and augmented by slackening 
them, as in flexing the knee. We have here an instance in which 
the condition of a muscle, through the agency of the spinal cord, 
influences the condition of the tone of its antagonist muscle ; for 
the hamstring muscles and the extensors of the thigh are antago- 
nistic muscles. 

Indeed the study of the various instances of antagonistic 
muscles in the body brings to light inci-easing evidence that the 
spinal cord (and other parts of the central nervous system) influ- 
ences the tone of muscles; the contraction of a muscle baa for its 
concomitant an inhibition (more or less pronounced) of its anta- 
gonist. Thus in the movements of the eye, the contraction of one 
rectus muscle (internal or external) is associated with an inhibition 
of its antagonist rectus (external or internal). It would seem that 
the 'tone' of skeletal muscles and its regulation, inhibition or 
augmentation, plays a not unimportant part in the due carrying 
out of the various movements of the body. 

§ 699. Disease in man reveals occasionally other conditions 
of the skeletal muscles which sometimes take on the form of 
extreme rigidity, of exaggerated tone, and sometimes of rhythmic 
' clonic ' contractions. These may at times superficially resemble 
reflex actions, and have been spoken of by some authors as 
'muscle reflexea' Though the spinal cord plays its part in their 
production they seem to be essentially due to causes originating 
in some parts or other of the brain, and are too obscure to be 
dwelt on here. 

It remains for us to speak of the part played by the spinal 
cord, as the instrument of the brain, in the execution of voluntary 
movements and in the development of conscious sensations ; but it 
will be best to consider these matters in connection with the bmin 
itself, to the study of which we must now turn. 



CHAPTER 11. 



ON SOME GENERAL FEATURES OF THE 
STRUCTURE OF THE BRAIN. 



§ 600. It would be out of place to attempt to ^ve here a 
complete description of the structure of the brain ; but certain 
features must be kept fresh in the mind as a basis for physiological 
discussion ; and to these we must now turn our attention, a 
general acquaintance with the topographical anatomy of the brain 
being presupposed'. 

Like the spinal cord the brain consists of ' white matter,' in 
which the nervous elements are almost exclusively meduUated 
fibres, and of ' grey matter,' in which nerve-cells and other nervous 
elements are also present; but the grey matter of the brain is 
much more variable in structure than that of the spinal cord, and 
possesses features peculiar to itself; these we shall study later on. 

For physiological purposes the brain may be conveniently di- 
vided into parts corresponding to the divisions which appear in it in 
the embryo. At an early stage in the life of the embryo that part of 
the medullary tube which is about to become the brain differs from 
that which is about to become the spinal cord, in that the central 
canal, which in the latter is of fairly uniform bore along its whole 
length, is in the former alternately widened and narrowed, so that 
the tube forms a series of vesicles, the cerebral vesicles, succeeding 
each other lengthways. At first these vesicles are three in 
number, called respectively fore-brain, mid-brain, and hind-brain; 
but the fore-brain after having developed on each side a lateral 
veaicle, the optic vesicle, subsequently transformed into the retina 

' Figa. 113 onwardi, which will be found in saooeediaR Motions, may with 
■dnatage be consulted in reading this section though not specisUj' refened ' 
Owtaxk 
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and optic nerve, gives rise in front of itself to a pair of vesicles 
placed side by side, or rather to a single vesicle with a deep 
median furrow, the vesicle of the cerebrum, containing a cavity 
divided by a median partition into two cavities, lying side by 
side, which open into the cavity of the original fore-brain 
by a Y-shaped opening. This embryonic chain of vesicles is 
developed into the adult brain by unequal growth of the walls 
and unequal expansion of the cavities, certain features being also 
impressed upon it by the bend on the longitudinal axis, which 
takes place in the region of the mid-brain and is known as the 
cranial flexure. 

§ 601. In the hind part of the hinder vesicle or hind-brain, 
the ventral, basal portion or floor is thickened to form the bulb, 
while the greater part of the dorsal portion or roof does not thicken 
at all, is not transformed into nervous elements, but remains as 
a single layer of epithelium, adherent to the pia mater overlying 
it, and so forms a thin covering to the lozenge -shaped cavity of 
the vesicle, now known as the fourth ventricle. 

In the front part of the same hind-brain, on the contrary, the 
roof and sides are enormously developed into the conspicuous 
cerebellum overhanging the front part of the fourth ventricle, 
while the floor is also thickened into the pans Varolii. 

This thickening of the pons is largely made up on the one 
hand of horizontal nerve-fibres, which run transversely from each 
side of the cerebellum into the pons, and on the other hand of 
longitudinal fibres, which run forwaixis from the bulb and are 
wmpped round by and interlaced with the others. At the front 
margin of the pons these longitudinal fibres, augmented in number, 
appear as two thick strands, the crura cerebri, forming the floor of 
the mid-brain, the roof of which is thickened into the cotyora 
quadrtgemina, and the cavity of which is reduced to a narrow 
tubular passage, the aqueduct of Sylvius, or iteratertio adquartum 
ventriculum. 

At the level of the fore-brain the crura cerebri, diverging 
rapidly from each other as they pass forwards, leave the median 
portion of the floor of the vesicle now known as the third veiUricle 
very thin, but form, especially behind and ventrally, thick lateral 
walls, which are further increased in thickness by the development 
on each side of a maas largely composed of grey matter, known as 
the optic tlmlamus. The roof of the third ventricle, like that of 
the fourth ventricle, is not developed into nervous elements but 
remains extremely thin, and consists of nothing more than a 
single layer of epithelium. 

§ 602. In front of the third ventricle each diverging cms 
cerebri spreads out into a radial fashion into the corresponding 
half of the paired vesicle of the cerebrum now developed into the 
preponderant cerebral hemispheres, the two cavities of which are 
ntjw known as the lateral ventricles. The growth of the cerebral 
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hemispheres is not only much greater than that of the rest of the 
brain, but also takes place in a special manner. At their first 
appearance the cerebral hemispheres lie wholly in fiont of the 
fore-brain or vesicle of the third ventricle, but in their subsequent 
growth, while expanding in nearly all directions, they extend 
especially backwards. Thus in the adult brain, on the dorsal 
surface they not only completely cover up the third ventricle but 
also overlap the mid-brain, reaching so far back as to cover the 
front border of the cerebellum, while on the ventral surface, though 
in the middle line they leave exposed the floor or ventral portions 
of the walls of the third ventncle, at the sides they are seen to 
reach a» far backward as on the dorsal surface. The median furrow 
on the dorsal (surface which separates each hemisphere from its 
fellow is at first shallow but rapidly deepens, so that as the hemi- 
Bpheres grow thev become separated from each other by a narrow 
deep longitudioal fissure, into which as we shall see a fold of the 
dura mater dips. This fissure is not only deep vertically, i.e. from 
the dorsal surface ventrally, but at the front of the brain runs 
backward in the middle line almost as far as the level of the third 
ventricle, so as completely to separate from each other the anterior 
parts of each hemisphere, known as the anterior lobos; at the 
back of the brain also it similarly runs forward in the middle line 
for a considerable distance, so as to separate from each other the 
posterior lobes. Hence the two great masses of the cerebral 
hemisphere are united with each other, not along their whole 
length but for about a third of that length, the isthmus or bridge 

. thus connecting them lying at some depth below the dor^l 
nrface at the bottom of the longitudinal fissure, in about the 
Diddle third of its length. 

At its first appeai'ance each lateral ventricle is of a more or less 
oval form, its walls are of uniform thickness, and it lies in front of 
the third ventricle. During the growth of the hemispheres it 
acquires a peculiar shape and becomes divided into an anterior 
comu or horn stretching into the anterior portion, a posterior 
horn stretching into the posterior portion, and a descending horn, 
which curves laterally and ventrally into the middle portion of the 
hemisphere ; owing to the great backward extension of the hemi- 
spheres the lateral ventricles come to lie not only in front of but 
also at the side of, and indeed, to a certain extent, above or dorsal 
to the third ventricle ; and during the growth of the parts the 
originally wide Y-shaped opening which placed the hind ends of 
the two lateral ventricles in communication with the front of the 
third ventricle becomes narrowed into a slit-like passage of similar 
form, the foramen of Monro, which still opening into the front of 
the third ventricle, now leads on each side from a point rather in 
front of the middle of the lateral ventricle. 

As the hemisphere enlarges the growth of the walls of the 

iTesicle is not uniform in all parts. At an early period there may 
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be observed in the ventral wall or floor of the vesicle a thickeaing, 
which asBuming a epccial, more or less semilunar, form and pro- 
jecting into the cavity becomes the body known as the corpus 
titrialum. Ab development proceeds the corpus Htriatutn on each 
Hide becomes attached to the optic thalamus, lying behind and to 
the median aide of itself, the radiating fibres of the cms cerebri 
passing between the two, and also as we shall see dividing the 
corpus striatum into two bodies, called the nucleus caudatus and 
nucleus lenttcularis. A notable result of this growth and change 
of position of the hemispheres and of the coalescence of the 
coq^us striatum with the optic thalamus is that the latter body, 
though really belonging to the third ventricle, comes to project 
somewhat into the lateral ventricle ; a strip of the upper surface 
of the optic thalamus, along its outer, lateral edge, forms a 
portion of the floor of the lateral ventricle in the median region 
on each side of the third ventricle. Besides this special de- 
velopment of the corpus striatum, the walls of each vesicle, with 
the exception of the median part by which the two vesicles coalesce 
with each other, become (we are now speaking of the higher 
mammals) thickened much in the same way all over, the surface 
being folded so as to give rise to convolutions or gt/ri separated 
by furrows or sulci; and the thickening takes place in such a 
maimer as to give the ventricle its peculiar shape. The median 
coalesced part undergoes a different and peculiar change. This 
part, whicn at first lies in front of the third ventricle, through 
the changes brought about by the growth of the hemispheres so 
shifts its position as to lie immediately over, dorsal to the third 
ventricle, very much as if this part of the cerebral vesicles had 
been folded bock over the fore-brain. In the junction itself we 
mav distinguish a dorsal and a ventral portion. The dorsal portion 
is developed into a system of transverse commissural fibres passing 
across from one hemisphere to the other. In the median region 
these fibres form a thick compact band, called the corpus calloaum, 
which may be exposed to view at the bottom of the longitudinal 
fissui-e, while on each side they spread away in all directions to 
nearly all parts of tho surface of the hemispheres, passing over and 
helping to form the roof of the lateral ventricles. The band is Dot 
Hat but curved ventraiwards; hence in a longitudinal vertical section 
of the brain taken in the middle line it presents a curved form with 
the concavity directed ventraiwards. While this dorsal portion of 
the junction is diwelope^l at the side^ as well as in the middle line, 
the ventral portion is developed in the median region only, and 
that ill a special way, so that it forms below, ventral to. the corpus 
udlosum an arched plate, in the shape of a triangle with the apex 
(iitected forwanls, called the_/bmtr, which lies immediately above 
tht* thin epithelial roof of the third ventricle. In front, the 
narrower apical portion of the fornix lies at some little distance 
bi'low. ventnd to. the corpus callasum, and here tho junction 
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between the two vesicles is reduced to a thin sheet, the septum 
Uicidum; but behind, the broader baaal portion of the fomis is 
arched up so as to lie immediately under and touch the corpus 
callosum. Hence the septum lucidum has the form of a more or 
less triangular vertical sheet, broad in front and narrowing behind, 
separating the two lateral ventricles. The sheet may be conceived 
of as being double and formed by the apposition of two layers, one 
belonging to each ventricle ; between these two layers is developed 
a narrow cloaetl cavity containing fluid, called the_^A ventricle. But 
while the lateral ventricles open by the foramen of Monro into the 
third ventricle and the third ventricle is continuous by means of 
the aqueduct with the fourth ventricle, which again passes into the 
central canal of the spinal cord, the whole senes being developed 
out of the same embryonic neural canal, the fifth ventricle com- 
municates with none of them ; it is a cavity of different origin. 

The corpus callosum or dorsal portion of the junction between 
the vesicles spreads out, as we have said, laterally along its whole 
length, and thus forms a broad band joining the two hemispheres 
together ; the middle portion spreads out in a more or less straight 
direction, though curvingovertne ventricle upwards and downwards 
to reach various parts of the hemisphere, while the front and hind 
ends bend round on each side forwards and backwards to reach the 
anterior and posterior parts. Thus through the corpus callosum 
the thick wall of one ventricle is made continuous with that of 
the other. The disposition of the fornix or ventral portion of the 
junction is very ditfei-ent. At its apex in front the fornix bifurcates 
into two bands, known as the pillars of the fornix, which on each 
' ' i become continuous with, and take a peculiar course in the 

lis of the third ventricle. In like manner behind, the angles of 
le base of the fornix are continuous with the walls of the lateral 
ventricles, that is to say, with the thick mass of the hemispheres, 
being also prolonged as two special strands of fibres called the 
crura of the fornix. But along each side of the triangle, between 
the attachments in front and behind, the substance of the fornix is 
not continued into the substance of the corresponding hemispheru ; 
the edge of the fornix appears on each side to lie loose on the 
dorsal surface of the optic thalamus, which here forms the median 
portion of the floor of the lateral ventricle ; between the optic 
thalamus below and the fornix above there seems to be a narrow 
slit by which the cavity of the lateral ventricle communicates with 
parts outside itself In reality however there is no actual breach 
of continuity though there is a breach of nervous substance, The 
slit is bridged over by a layer of epithelium, by means of which 
the edge of the fornix is made continuous with the upper surface 
optic thalamus, and the median wall of the lateral ventricle 
mplete. But this layer of epithelium has the following 
relations to the pia mater covering the brain. 
We have said that the roof of the third ventricle, like that of 



^_ into 

^■mlL 
VUie 




i 



1006 



GENERAL STRUCTURK 



[Boc 



the fourth ventricle, consists only of a layer of epithelium devoid of 
nervous elements. We have further seen that the fornix, and the 
hind part of the corpus callosum with which it is continuous 
overlie the third ventricle, the free base of the fornix with the 
rounded hind end of the corpus callosum above forming together 
the hind border of the junction or bridge between the two 
hemispheres. The pia mater covering the dorsal sur&ce of the 
brain, passing forwards under thia curved border, spreads over the 
top of the third ventricle, becoming adherent to the layer of 
epithelium just referred to, and thus forms a va.scular sheet called 
the velam interpositum, which serves as the actual roof of the 
third ventricle, immediately below, ventral to, the fornix ; it 
cannot be seen without previously removing the fornix. At the 
lateral edge of the fornix, on each side, this same vascular sheet of 
pia mater projects from beneath the fornix into the lateral ventricle 
carrying with it the layer of epithelium, which, as we said, made 
the edge of the fornix actually continuous with the rest of the 
walls of the lateral ventricle ; trie part of the pia mater thus seen 
projecting beyond the edge of the fornix when the lateral ventricle 
is laid open is called the clioroid plexus. To this peculiar intrusion 
of the pia mater, by which the nutrition of the brain is assisted, 
we shafl return when we come to speak of the vascular arrange- 
ments of the brain. Meanwhile we may point out, that while this 
vascular ingrowth seems to make the cavity of the third ventricle 
continuous with that of the lateral ventricle on each side, and all 
three with the exterior of the brain, it really does not do so. The 
cavity of the third ventricle is made complete by the layer of 
epithelium forming its roof, and the cavity of the lateral ventricle 
i.s made complete by the layer of epithelium passing from the 
lateral edge of the fornix over the choroid plexus to the other 
parts of the wall of the ventricle. To pass along this line from 
the actual cavity of the lateral into that of the third ventricle one 
must first pierce the epithelium covering the choroid plexus, thus 
gaining access to the pia mater of the plexus and of the velum, 
and then again pierce the epithelium coating the under surface 
of the velum and forming the roof of the third ventricle. It is 
only by the foramen of Monro that a real communication exists 
between the cavity of the lateral and that of the third ventricle. 

Thus by the large growth and backward extension of the 
cerebral hemispheres, the thiixl ventricle comes to form as it were 
the front end of the cerebrospinal axis, the crura cerebri expandiug 
on each side of the third ventricle into the cerebral hemispheres 
which cover up the ventricle on the dorsal surface but leave its 
walls exposed on the ventral surface. Attached to the dorsal 
surface of the third ventricle at its hind end, ventral to and 
somewhat projecting beyond the base of the fornix, lies the pineal 
gland with its attachments, the remnants of a once- important 
median organ ; and attached to the ventral surface of the ventricle. 
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the apex of a funnel-shaped projection, the infundibuhim, 
Ue8 the pituitary body, also a remuant of important ancGstmi 
struct uree. 

§ 603, We may then divide the whole brain into a series of 
parts corresponding to the main divisions of the embryonic brain. 
At the front lie the cerebral hemispheres, with the lateral ventricles, 
developed out of the cerebral vesicles ; and with these are asso- 
ciated the coniora striata, the term cerebral hemisphere being 
sometimes used so tis to include these bodies, and sometimes so 
as to exclude them. Next come, corresponding to the original 
fore-brain, the parts forraing the walls of the third ventricle, 
conspicuous among which are the optic thalami; for these 
bodies though they appear to intrude into the lateral ventricles 
belong properly to the third ventricle. In the raid-brain which 
follows, the cavity, now the tubular passage of the aqueduct, is 
roofed in by the two pairs, anterior and posterior, of corpora quad- 
rigemina, the dimensions of which are not very great; but a 
thick floor is furnished by the crura cerebri. In each crus we 
must distinguish between a dorsal portion called the tegmentum, 
in which a large quantity of grey matter is present and in which a 
j^reai complexity m the arrangement of fibres exists, and a ventral 
portion, the pes or crusta, which is a much more uniform mass of 
longitudinally disposed fibres. As the crura passing forward diverge 
into the cerebral hemisphere on each side, the tegmentum ceases 
at the hinder end and ventral parts of the optic thalamus; it 
ia the pes which supplies the mass of fibres radiating into each 
cerebral hemisphere. In a view of the ventral surface of the 
brain, the base of the brain as it is frequently called, the crura 
may be seen emerging from the anterior border of the pona This 
we have spoken of as the thickened floor of the front part of the 
hind-brain, but in reality, it encroaches a little on the mid-brain, 
the hind part of the corpora quadrigemina being in the same 
doraoventral plane as the front part of the pons (see Fig. 1 1 2), 
la the main, however, the pons belongs to the fore part of the 
hind-brain, the roof and sides of which are developed as we have 
Bftid into the cerebellum. This superficially resembles the cerebral 
hemispheres in its large size, and in the Special development of its 
surface, which is formed of grey matter folded in a remarkable 
manner and often spoken of as cortex. The cerebellum, though 
the lateral p)rtiona, called the hemispheres, project above the 
median portion, catted the vermis, is, unlike the cerebrum, a 
single mass ; each lateral half however sends down ventrally a 
mass of fibres which, running transversely, end in the pons; 
this mass of fibres, thus constituting as wo have said a con- 
siderable part of the pons, forms on each side, just as it leaves 
the cerebellum to enter the pons, a thick strand, called the middle 
peduncle of the cerebellum. From the cerebellum there also 
proceeds backwards into the bulb on each side a thick strand of 
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fibres, the inferioT peduncle of the cerebellum or restiform body ; 
and a third strand, the superior peduncle of the cerebellum, passes 
forwards on each side into the region ventral to the corpora 
miadrigemina. As the latter converge towards each other behind 
tne corpora quadrigemina the angle between them is filled up by 
a thin sheet of nervous matter, the valve of Vieusaens, which thus 
for a little distance backwards forms a roof for the front part of 
the fourth ventricle, just where the loienge -shaped cavity is 
narrowing to become the aqueduct. Behind the cerebellum and 
pons comes the bulb, which as we have said is the thickened floor 
of the hind part of the hind brain, the roof of the cavity being 
here practically wanting. 

Of these several divisions, the first division, that of the cerebral 
hemispheres, including the corpora striata, stands apart from the 
rest by reason both of its origin and the character of its develop- 
ment. As we shall see, this anatomical distinction corresponds to 
a physiological difference. 

Of the other parts of the brain the crura cerebri deserve 
special attention. We may regard these as starting in the cord 
but largely augmented in the bulb ; they traverse the pons, where 
they are still further increased, and passing beneath the corpora 
quadrigemina, with which aa well as with the cerebellum they 
make connections, end partly in the region of the optic thalami 
and walls of the third ventricle, but to a great extent in the 
cerebral hemispheres. We may in a certain sense consider the 
rest of the bram as built upon and attached to these fundamental 
basal or ventral strands. 

§ 604. Connected with the brain are a series of paired nerves, 
the cranial nerves. The first and second pair, the olfactory nerves 
and the optic ner\-es, differ in their origin and mode of develop- 
ment from all the rest so fundamentally as to cause regret that 
they are included in the same categoiy. We shall consider these 
by themselves in due course. The remaining pairs, from the third 
pair to the twelfth, forming a much more homogeneous category, we 
shall also consider in their proper place. We must now turn to 
study in greater detail some of the structural features of the 
brain, and we may with advantage begin with the bulb. 
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§ 606. The spintil cord, as it ascends to the brain, becomes 
dianged into the more complex bulb, partly by a sliiftiug of the 
course of the tracts of white fibres, partly by an opening up of 
the narrow central canal into the wide and superticial fourth 
ventricle, hut chiefly by the development of new grey matter. 

When the anterior, ventral, aspect of the bulb is examined 
(Fig. 112, C), it will be seen that the ventral columns of the cord 
are interrupted for some distance in the mediau line by bundles 
■of fibres (Py. dec.) which, appearing to rise up from deeper parts, 
cross over from side to side and so confuse the line of the ventral 
fissure. This is the decussation of Uie pyramids, above which the 
place of the veutml columns of the spinal cord is taken by two 
larger, more prominent columns, the pyramids of the bulb (Py.), 
which are continued forwards to the hind margin of the pons. 
On the outer side of, lateral to, each pyramid, lies a projecting oval 
mass, the olivary body or inferior olive {ol.) separating the pyramid 
from a column of white matter, the resHfarm body (R), which, 
occupying the lateral region of the bulb, when traced backwards 
appears to continue the line of the lateral column of the cord, and 
when traced forwards is seen to run up to the cerebellum as the 
inferior peduncle of that organ. On the posterior, dorsal, aspect 
' such decussation is seen. The two dorsal columns of the 
diverge from each other, leaving between them a triangular 
space, the calamus acriptorins, which is the hind part of the 
lozenge- shaped shallow cavity of the fourth ventricle. As the 
cord passes into the bulb the dorsal column as a whole grows 
broader, and the division into a median posterior and an external 
pOBtenor column becomes very obvious and distinct by the 
appearance of a conspicuous furrow separating the twa At 
Bome distance however in front of the point of divergence of 
the columns or apex of the calamus 9cript«rius, the furrow 
becomes less marked, and it eventually fades away. In its course 
the furrow takes such a line that the median posterior column, 
fiimiing the immediate lateral boundary of the fourth ventricle, 
F. m. 
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^^Vlias the appearance of a strand broad behind but thianing away 

^^P in front, while the external posterior column, also broadening as it 

advances forwards, seems to be wedged in between the median 

Ksterior column on its median edge and the restiform body on its 
eral edge; hence the former is here called the fitaciculus (or 
funiailtig) gracilis (m. p.), and the latter the fasciculus (or funi- 
culus) cuTieatua (e. p.). Further forward both columns seem to 
merge with each otner and with fibres which curve round to form 
part of the reatiform body; the relations however of these two 
columns to each other and to the other parts of the bulb, as well 
as the nature of the other several changes by which the cord ia 
transformed into the bulb, are disclosed by transverse vertical 
^^ (dorso- ventral) sections, to the study of which we must now turn. 
^^L A section (Fig. 113, 1) taken at the hind margin of the 
^^B-decussatioD, at which level the first cervical nerve taltes origin, 
^^HiWheii compared with a section of the cord at the level of the 
^^HhoodcI cervical uerve (cf, Fig. 107, C,), shews that certain changes 
^^^Bn already taking place in the grey matter. The ventral horns 
^^HlPBMt much altered, but the dorsal horns are. as it were, pushed 
^^■Wt laterally and dorsally so that the dorsal columns, which as 
yet retain their previous great depth, become very much broader 
than they are lower down, encroaching, so to speak, on the Intend 
columns. At the same time the substance of Kolando (s. g,}, 
forming the head or caput of the faom, has enlarged into a more 
or less globular form, and lies near the surface of the cord though 
separated from it by a compact tract of longitudinal iibres ( V. o.), 
which as we shall see, belongs to the fifth cranial nerva A 
considerable development of the reticular formation (f. ret.) at 
the side of the grey matter ventral to the dorsal horn has also 
taken place, ana this with the shifting of the position of the 
dorsal horn has driven the lateral bom {l.k.) nearer to the ventral 
horn. From This lateral horn a root of the eleventh spinal 
accessory cranial nerve (xi) may be seen taking origin. Further, 

I a great increase of grey matter niund the central canal Tnay also 
be observed. 
These changes, however, are of degree only; what seems to 
be an absolutely new feature is the presence of bundles of fibres 
(Py. dec), which starting from the ventral column of one side 
cross over to and are apparently lost in the grey matter of the 
Deck of the ventral horn of the other side; in so crossing the 
fibres push asitle the bottom of the ventral fissure. When the 
course of these fibres is investigated, either by simple microscopic 
observation, or still better by the method of degeneration, it is 
ibund that they may be traced from the ventral column of one 
'ie, across the ventral commissure, through the neck of the 
mtral horn to the lateral column of the opposite side, and to 
at part of the lateral column which we have previously de- 
■aenbed as the crossed pyramidal tract. 

65—2 
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This and Figa. U-1— 118, form s Bories of traDSTente doiHOTentral sectioDS of 
the brain taken at different lavela from tbe hind end oi [ha bulb to the front of the 
thitd reatriole; the several levels are shewn by the linea drawn in Fig. IIS. They 
are all nugnifled Ivrioe. The detailn are shewn, for tbe sake of simplicity, in 
diagnunmatio fnabion ; tbe white matter is left unahaded, the counie of tho fibren 
being indicated in a few important instances only ; the gre; matter is shaded 
fonnklly, the ncrve-oells being indicated in the case onlj of the nuclei of the cranial 

The want of complete bilateral ayinraetry which is often met within such 

BeciioDS IB indicated in several of the lifi^oieB. 
1. At the bind limit of the deoussation of the pyramids. 3. In the middle of 
the decussation. 3. At the upper end of the deoussation. i. Just below 
the point of the calamus scriptorins. 5. Just above the point. 6. Throagh 
the middle of tbe ala cinerea. 
Py. PyramidB. Fi/. dec, deonesatioii of the pyramids. Stiprit Py. dee. superior 
deoossation. /■ a. i. internal arcuate fibres. /. a. r. eilemal arauate fibres. 
Cb. position of cerebellar tract. R. restiform body or inferior peduncle of the 
oerebellnm. i. p. external ponterior eolamn. Casciculus cuoentua, m. p. median 
posterior oolanu, tascionlns gracilis, r. raphe. 
I, h. lateral horn. m. p. n. nucleus of Che median posterior column or groolle 
nnolens. e. p. u, naoleus of the external posterior column or onneate nucleus. 
e. p. R. (m,) median division and e, p. n. (1.) lateral division of the same. 
eL olivary body. ol. a, median aocoHSory, and ol. e. lateral accessory olive. 
in. ol. inlwoiivary layer, a. I. n. lateral (antero-lateral) nucleus, n. a. oionate 
BUOlens. a. c. remnant of ventral horn. /. ret. reticular formation. (. g- sub- 
stance of Bolando, 
a, r. c. I. ventral root, and p. r. c. II. dorxal root of second cervical nerve. XI. root 
of spinal accessory nerve. XII. twelfth or hypoglossal nerve, n. XII. nnolexu 
of the same in 6; tbe nucleus may be traoed however throngh 2, 3, i, 5, in 
connection with the fibres of the nerve, i. X. sensory or main part of the 
gloBsopharyngeal-vago-acoessory nucleus. X. m. motor nuolaua of the vagns, 
or nnoleus ambignus. IX. a. ascending root of the glossopharyngeal aucleoa, 
T. a. ascending root of tbe fifth nerve. 
4th. fonrth ventricle; tbe ependyma or lining is indicated by a tbick dark Uae; 
and in 5 and S, the tooth-like seclion of the projecting obex is shewn. 

In a section a little higher up (Fig. 113, 2), these decussating 
fibres form on each »:idti a large strand which starts fnim a part 
of the ventral column, now becoming distinctly marked off as the 
pyramid {Py), and is apparently lost in tbe reticular formation, 
but in reality passes on to the crossed pyramidal tract of the 
lateral column. This strand, as it crosses over, completely cuts 
off the head of the ventral horn from the more central grey 
matter, and forms with itn fellow a large area of decussating fiDrus 
between the bottom of the ventral fissure and the central grey 
matter. When a surface view of the bulb is examined the decus- 
sation is seen to be effected by alternate bundles, passing now 
from right to left, now from left to right ; and in transverse 
sections we find correspondingly that the ventral fissure appears 
bent now to the left and now to the right, according as the 
section cuts thi-ough a bundle pn&sing from left to right or from 
right to left. 

In sections still higher up (Fig, 113, 3 and 4) this conspicuous 
strand of fibres crossing obliquely from side to side, will be no 
longer seen; decussating fibres are seen dorsal to the ventral 
fissure, but these, of which we shall speak presently, are of 
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different nature and origin. The fibres which in sections below 
were seen in the act of croasing are now gathered into masses 
of longitudinal fibres, the pyramids, (Py.) one on each side of the 
ventral fissure, each with a sectional area of a rounded triangular 
form clearly marked out from the surrounding structures; the 
section is taken above the decussation of the pyramids. Or, 
tracing the changes from below upwards we may say that the 
decussation is now complete ; on each side the whole of the 
crossed pyramidal tract of the spinal cord has, in the region of 
the bulb below the level of the present sections, crossed over to 
the other side, and joining with the direct pyramidal tract of 
the ventral column of the cord of the same side has become the 
pyramid of the bulb. In other words, the decussation of the 
pyramids is, as we have already hinted, the passing off from 
each pyramid, and the crossing over to the opposite side of the 
cord, of those fibres which are destined to become the crossed 
pyramidal tract of the spinal cord of the opposite side, while 
the rest of the pyramid pursues its course on the same side partly 
as the direct pyramidal tract of the ventral column and partly as 
fibres in the lateral column scattered among the fibres of the 
crossed pyramidal tract in that column. 

§ 606. In the spinal cord the bottom of the ventral fissure 
is separated from the central canal by nothing more than the 
ventral white commissure and a narrow hand of grey matter, 
composed of the ventral grey commissure and of pai't of the 
central gelatinous substance. During the decussation of the 
pyramids, the decussating fibres push, as it were, the central 
canal with its surrounding grey matter to some distance from 
the bottom of the ventral fissure. In sections above the decus- 
sation the bottom of the fissure does not again approach the 
central canal, but continues to be removed to some distance from 
it, and, as we pass upwards, to an increasing distance, by the 
interposition of tissue which consists largely of decussating fibres. 
These however, though they seem to continue on the decussation 
of the pyramids, are shewn by the embryological and degeneration 
methods to have no connection with the pyramids, but to belong 
to another system of decussation. As we have seen (§ 565) the 
ventral white commissure along the whole length of the cord 
contains decussating fibres. Some of these in the upper part of 
the cord are fibres crossing from the direct pyramidal tract of one 
side to the grey matter ofthe other side, and so may be regarded 
as part of the whole pyramidal tract ; but others are of different 
origin; and even in trie region of the actual decussation of the 
pyramids some of the fibres which cross over do not belong to the 
pyramidal tract. This system of decussating fibres becomes in- 
creasingly prominent above the decussation of the pyramids, and 
through it the ventral area of the bulb between the central canal 
and the ventral fissure is much increased. The fibres as they 
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cross form a middle line of partition, the raphe (Fig. 113, 4, 5, r), 
which increases in depth in the upper parts of the bulb, and on 
each side of the raphe help to break up the grey matter (which 
previously formed the ventral horae) into what is called the 
reticular formation. We shall return to this presently, but may 
here call attention to a special developmeot of these decussating 
fibres which is seen just above the decussation of the pyramids. 
In a sectioD at this level (Fig, 113, 3) a strand of fibres {supra Py. 
dec.) may be tteen to start chiefly from the gracile nucleus but also 
to some extent &om the cuueate nucleus, to sweep round the 
central grey matter, and to decussate ventral to this between it 
and the bottom of the ventral fissure. This is called the superior 
decussation, or, for reasons which we shall see later on, the sensory 
decussatioTL 

§ 607. We must now turn to the dorsal fissure and its rela- 
tions to the fourth ventricle. We saw that at the beginning of 
the pyramidal decussation, the dorsal horns had been thrown 
backwards and outwards so as to increase the dorsal columns. 
The dorsal fissure is still of great depth, so that by the increase 
of breadth and maintenance of depth the dorsal column, the 
lateral limit of which is still sharply marked out by the swollen 
head of the dorsal horn as well as by the highest dorsal rootlets 
of the second cervical nerve, acquires at this level its maximum 
of bulk. 

From this jjoint forward the depth of the dorsal fissure and 
the dorso-ventral diameter of the dorsal columns diminishes. The 
head of the horn (Fig. 113, 2) is thrown still farther outwards 
into the lateral regions; developments of grey matter at the base 
and to some extent at the neck of the horn (of these we shall 
speak presently) encroach (Fig. 113, 3) dorsally on the white 
matter of the columns; and the central grey matter appears to 
rise dorsally at the expense of the dorsal fissure, in coincidence 
with the development described above as taking place on the 
ventral side of the canal. 

Still a httle further foi-ward, iu a section for instance (Fig, 1 13, 
4) a little way behind the apex of the calamus scriptorius, the 
central grey matter, which still forms a rounded mass around the 
central canal, is brought yet nearer to the dorsal fissure. 

In a section yet a little further forward (Fig. 113, 5) carried 
through the hinder narrow part of the fourth ventricle itself, it is 
seen that the central canal has opened out on to the dorsal surface, 
and that the grey matter, which in previous sections surrounded 
it, is now exposed to the surface on the floor of the ventricle, 
the median posterior columns being thrust aside. In a still more 
forward section (Fig. 113, 6) this grey matter in correspondence 
with the increasing width of the ventricle occupies a still wider 
area, thrusting still further aside the narrowing upper ends of the 
two posterior columns. 
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During these successive changes, the large wide dorsal (both 
external posterior and median posterior) columns of the cervical 
spinal cord and beginning bulb, are reduced to small dimensions 
and in the end disappear; but before we speak of the course and 
fate of the tracts of fibres constituting these columns we must 
turn to the impoi'tant changes of the grey matter; 

§ 608. A transverse section through the lower end of the 
decussation (Fig. 113, 1) shews, as we have said, few differences 
as regards the grey matter from one taken at the level of the 
second cervical nerve. The changes noticeable are mainly the 
changes in position of the dorsal horns, the increase of central 
grey matter around the central canal, the approach of the lateral 
horn, from which spring the roots of the spinal accessory nerve, 
to the ventral horn, and an increase of the reticular formation in 
the bay ventral to the dorsal horn. 

In the middle of the decussation (Fig. 113, 2) the decussating 
fibres are cutting the head of the ventral horn away from the 
base of the horn and the central grey substance, and the isolated 
head is diminishing in size, being separated Irom the surface of 
the cord by an increasing thickness of white matter. The lateral 
horn and origin of the spinal accessory root do not share in this 
isolation, but are driven back again dorsally towards the dorsal 
root to join the reticular formation which is increasing in area, 
while the lateral column of white matter is diminishing in bulk 
by the withdrawal of the pyramidal tract. 

Still a little further forward, the ventral horn seems at first 
sight to have wholly disappeared (Fig. 113, 3 and +), but its 
disappearance is coincident with an increase of the reticular 
formation in the position of the lateral columns, as well as with 
the growth of tissue mentioned above between the ventral fissure 
and the central grey matter. In fact, between the nyi-amids on 
the ventiwl side and the largely increased and laterally expanded 
grey matter on the dorsal side, a large area of pecuhar tissue now 
extends on each side for a considerable distance from the middle 
line of the raphe, encroaching on what was the lateral column of 
white matter ; and a corresponding area of similar tissue may be 
traced from this level through the higher parts of the bulb up 
into the pons and crura cerebri. The tissue consists of nerve 
fibres running transversely, longitudinally, and in other directions, 
so as to form a network, the bars of which are often curved ; and 
with these fibres are found branched nerve cell.s in considerable 
number, some of them small, both fibres and cells being as else- 
where embedded in neuroglia. Though differing from the ordinary 
grey matter of the cord by the more open character of its network, 
it may be considered as a form of grey matter. We may consider 
it as being in reality the grey matter of the apparently lost ventral 
horn broken up and dispersed by the passage of a large number 
of fibres and bundles of fibres, especially of the decussating fibres 
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spokea of in § 606, which since they curve through this area from 
the middle line laterally are calle<l arcuate or arciform fibres, 
internal arcuate fibres (Fig. 113, 6./! a. i.) to distinguiBh them from 
the external arcuate JU>res {/. a. e.) of which wo shall speak pre- 
sently. Fragments of more compact grey matter, also belonging 
probably to the ventral horn, are seen at intervals in this area. 
Fig. 113, 6, ac. and elsewhere. We have seen that nearly all the 
way along the cord the grey matter of the neck of the dorsal 
horn is similarly broken up by bundles of fibres into what we 
there called the reticular formation (Fip. 99, 100. r. /. p. and 
r./. L); and this area in the bulb though it possesses characters 
of its own is also called the reticular formatitm: In the more 
lateral portion of this formation, the network is more open and 
irregular, the bars are finer, and the nerve cells are more abundant 
than in the median portion where the nerve cells, except in the 
immediate neighbourhood of the raphe, are less numerous or even 
' ■ ' The 



absent, and the bars are coarser. These two paiis are sometimes 
distinguished as the grey or lateral, and the white or median 
formation. In the middle tine the fibres distinctly interlace and 
decussate in an oblique maimer, some running nearly vertically in 
the dorsoventral plane, thus constituting as we have said a thick 
raphe, which, however, at its edges gradually merges into the more 
open network. 

§ 609. Within the area, bounded by the pyramids ventrally, 
the expanded grey matter dorsally, the raphe in the middle line, 
and the white matter laterally, certain distinct compact masses 
of grey matter make their appearance, as we pass upward towards 
the pons. 

One of the most important of these gives rise to the olivary 
body, or inferior olive which, as we have seen, projects as an oval 
mass (Fig. 112, oL) on each side of the pjTamids, reaching from 
a level which is somewhat higher up than the lower limit of the 
pyramids, almost but not quite to the pons. The olivary body, 
as a whole, consists partly of white matter, that is of fibres, and 
partly of grey matter, sometimes called the olivary nucleus. This 
latter is disposed in the form of a hollow flaak or curved bowl, with 
deeply folded or plaited walls, having a wide open month directed 
inwaras towards the middle line, and forwards towards the poos 
(Fig. 113, 4, 5, 6, ol.). The flask is filled within by white matter, 
r » ana covered up on its outside with white matter as well as traversed 
by fibres. The grey matter thus forming this flask -shaped 
DDcleua consists of small rounded nerve cells, lying in a bed of 
tissue which is partly ordinary neuroglia, and partly a fine nervous 
network. 

Lying to the median side of the olivary body, immediately 
dorsal to the pyramid, is another small mass of grey matter, in the 
form of a disc, appearing in transverse sections as a thick bent 
rod, in some sections consisting of two parts (Fig. 113, 4, ol. a). 
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This is the accessory olivary nucleug. A very similar body lies 
dorsal to the olivary nucleus, in the lateral reticular formation; 
this is also called an accessory olivary nucleus, being distinguished 
(Fig. 113, 6, ol. e) by the name outer accessory nucleus from the 
above-mentioned inner accessory nucleus. It will be observed in 
these transverse sections that the inner accessory nucleus is 
sepai-ated from the olivary nucleus by a bundle of white fibres 
(Fig. 113, 4, 5, 6, Xll) which, running ventrally from the grey 
matter in the dorsal region, comes to the surface between the 
pjTamids and the olivary body. This is the hypoglossal or twelfth 
cranial nerve. 

On the surface of the pyramid itself is seen on each side a 
small mass of grey matter (Fig. 113, 5, 6, n. a.), which since it 
appears to be connected with a system of superficial transverse 
fibres, which we shall describe directly as the external arcuate 
fibres (Fig. 113, 3, 4, 5, 6,/ a. e.). is called the arcuate nucleus. 

Lastly, a small somewhat diffuse collection of grey matter 
is seen in sections as a rounded mass of irregular form placed 
lateral to the reticular formation (Fig. 113, 4, 5, 6, a. I. n). This, 
which at its first appearance seems to be budded off from the 
general mass of grey matter (Fig. 113, 3, a. I. n), and which is 
probably a detached portion of the base of the ventral horn or of 
the lateral region of the grey matter, is called the lateral or an(«ro- 
lateral nucleus. 

Hence, besides the diffuse reticular formation, this ventral 
part of the bulb contains more sharply defined collections of 
grey matter in the olivary nucleus, and the other bodies just 
mentioned. 

§ 610. We must now turn to the dorsal part of the bulb, 
Here in the first place we must distinguish between the portions 
of grey matter which are more immediately connected with the 
cranial nerves taking origin from this part of the bulb, and the 
portions which have no such obvious connection. In the spinal 
cord, the ventral horns supply, as we have seen, the origins of the 
successive ventral motor nerves; but in the transformation of 
the cord into the bulb the ventral horns have been broken up 
or displaced ; and the parts of the ventral horns, serving as the 
nuclei of origin for motor nerves, have been translated from the 
ventral to the more dorsal regions. Hence, it is in the more 
dorsal part of the grey matter that we have to seek for the nuclei 
of origin not only of afferent but also of motor cranial nerves. 
It will be convenient to consider all these nuclei of origin of 
crania! nerves by themselves, and we may here confine ourselves 
to the grey matter of other nature. We may however say that 
these nuclei, or nearly all of them, from that of the third nerve 
backwards are more or less closely associated with the grey matter 
immediately surrounding the central canal. This central grey 
matter, in the narrow sense of the terra, is marked out somewhat 
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low down (Fig. 113,3) by the fibres of the sensory decussation which 
sweep round it ; it appears in sections higher up as a fairly distinct 
region (Fig, 113, 4); and it ia this part of the grey matter which 
is exposed on the floor of the fourth ventricle when the central 
canal (Fig. 1 13, 5, 6) opens out into that space. We say exposed ; 
but in reality the true grey matter is covered by a superficial 
layer of tissue of a peculiar nature (indicated in Fig. 113, 5, 6, 
by a thick black line) similar to that which is found at the hind 
end of the conns meduUaris in the spinal cord. 

We saw that at the level of the first cervical nerve coincident 
with the horizontal flattening out of the posterior horns the 
dorsal columns assumed very large dimensions. In this region 
(Fig. 113, 1) they consist entirely of white matter, that is, of 
longitudinal fibres. 

At a little higher level, however, at the level of the middle of 
the decussation for example, an islet of giey matter (Fig. 113, 
2, m. p. n.) makes its appearance in the median posterior column. 
A little fiirther forward, at the level of the established pyramids, 
it will be seen (Fig. 113, 3) that this islet is the hind end of 
an invasion from the more centrally placed gre^ matter, and that 
at the same time there has taken place a similar inroad of grey 
matter into the external posterior column (Fig. 113, 3, e. p. n.) ; 
indeed a slight extension of grey matter into the external pos- 
terior column may be seen even before this (Fig. 113, 2, e. p. n.). 
It will further be observed that these grey masses have so largely 
encroached on the white matter, that both the median posterior 
or fasciculus gracilis and the external posterior column or 
&8ciculus cuneatuH, instead of being simply tracts of white fibres 
as they were in the hinder part of the bulb and in the cord, have 
now become columns of grey matter covered by a relatively thin 
layer of white fibres. These columns of grey matter are now 
culed respectively the median posterior nitcleua. or vucleua 
Jaaeiculi gracilis, or more shortly, the gracile nucleus; and the 
external posterior nucleus, or nucleus fasciculi cimeati, or the 
cuneate nucletis. From the ventral aspect of these nuclei a 
large number of fibres pass ventrally with a more or less 
curved course to form as we have seen, § 60fi, the superior decus- 
sation and to pursue certain paths through the reticular formation, 
of which we shall speak later on. It is at this level and for 
Bome little distance above (Fig. 113, 4, 5), that these nuclei 
acquire their greatest development. Farther forward (Fig, 113, 
6), when the fourth ventricle has opened out and the nuclei 
(rf the cranial nerves are becoming conspicuous, and the posterior 
eotumns have been thrust aside laterally, both these nuclei have 
^minished in size ; still farther forward they become still smaller, 
and towards the pons they gradually disappear. 

The mass of gelatinous substance, forming at the level of 
the first cervical nerve the swollen caput of the horn close to 
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the surface but separated from it by a band of fibres (Va) of 
fiue calibre, to which we have already referred as belongiog 
to the fifth cranial nerve, increases m bulk at a somewhat 
higher level. Fig. 113, 2, 3, e.g., and forms on the surface a 
slight projection, called the tubercle of Rolando. It soon, how- 
ever, becomes thrust ventrally by the divergence of the dorsal 
columns, and more and more covered up by the fibres which are 
going to form the increasing restiform body, Fig, 113, 4, 5, 6. R. 
Hetaining this position the islet of gelatinous substance diminishes 
in size farther forwards, Fig. 114, s,g., and eventually disappears. 

§ 611. TIte Fibres of the Bulb. It is obvious, from what has 
already been said, that the arrangement into dorsal, lateral and 
ventral columns, so clear and definite in the spinal cord, becomes 




Fju. 114. TuitOUail THE BCLB JCHT BEHIND THB PoNB. (SbeniugtOD.) 

Taken in the line 114. Fig. IIQ. 

Py. PjramidB. H. Beatitonn Body. Chm. cerebellum. F. Fillet. /. o. *. eitemal, 
/. o. i. inlenjBl arouato Bbres. (. bandle of filireg from olivB to the lenticnlmr 
nacleuB. [. poaterior longitadinal bundles, n. /. (. nuckas of fascioulus tens. 
I, 0, Buperioi olive, n. c. e. Daclens centralis (the marks witbin it are aeotions 
o[ bundles of librea bf wbiuh it ia traveised). i. g. Bubstujice of Rolando. 

V. B. aaoendiiig root ot fifth nerve. VII. n. nucleus of the Tth neo-e. vm. 
auditory nerve, chiefly the dorsal or cochlear root; VIII. a. median nadeuB, 
VIII. ^. lateral nucleus, Vlli. 7. accessoiy nucloUH of auditory nerve. IX. 
fibres of root of ninth nerve passing through asoending root of fifth iiene. 

broken up in the bulb : indeed it will be bent in treating of the 
bulb, not to attempt to trace out these columns, but to speak of 
the course of the several tracts into which these columns may be 
divided. 

The direct and crossed pjTamidal tracts of the cord unite to 
form, as we have seen, the pyramid of the bulb, and so pass 011 
to the pons. We need say nothing more at present concerning 
this important pyramidal strand except that, as we trace it down 
from the poos to the spinal cord, it gives off to the bulb itself 
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fibres which make connections with the motor Gbi 
cranial nerves proceeding from thia region. 

Concerning the coui-se taken by the other leas conspicuoua 
" descending " tract, the ante ro- lateral descending tract, our know- 
ledge is very imperfect ; nothing definite can be said at present. 

The cerebeiiar tract, occupyiiig near to the surface a position 
which in the series of sections (Fig, 113, Ob) appeara now rather 
more vential, now more dorsal, eventually passes into the reatiform 
body, of which it forma a large part, and thus reaches the cere- 
bellum. The antero- lateral ascending tract does not take this 
course ; its fibres are continued forward beyond the bulb iuto the 
pons, though they, or some of them, reach the cerebellum thence 
in a roundabout way by the superior peduncle. 

The median posterior tract or column, becoming the fasciculus 
gracilis, ends in the gracile nucleus ; and in a similar manner 
the estemal posterior column, or fasciculus cuneatua, ends in the 
median and lateral masses of the cuneate nucleus. As we have 
seen, the white matter of these columns diminishes as the nuclei 
increase ; and the nuclei after absorbing, so to speak, the white 
matter diminish in turn ; the ascending degeneration observed in 
these columns stops at these nucleL 

The remaining fibres of the coni, belonging partly to the 
ventral column and partly to the lateral culumn, not gathered 
into any of the above-mentioned tracts, appear to end cnieily at 
all events in the reticular formation of the bulb itself, though 
some are carried on to the higher parts of the brain. 

§ 612. Thus of the various tracts or strands of the spinal cord 
two only pass as conspicuous unbroken strands through the bulb 
to or from higher parts ; namely, the pyramidal tract to the cere- 
brum and the cerebellar tract to the cerebellum. With the further 
exception of the fibres of the antero-lateral ascending tract, all 
or nearly all the rest of the longitudinal fibres of the cord reaching 
the bulb end, as far as we know at present, in some part or other 
of the bulb; and we may infer that some or other nerve cells of 
the bulb serve as relays to connect these fibres of the cord with 
other parts of the brain. 

The gracile and cuneate nuclei stand out conspicuously as 
relays of this kind, and through them the dorsal columns of 
the cord make secondary connections on the one hand with the 
oerebellum and on the other hand with vaiious regions of the 
eerebrum. We have said § 6U6 that fibres passing ventrally from 
the gracile and cuneate nuclei sweep in a curved course through 
the reticular formation as the internal arcuate fibres (Fig. 113, 
J", a. »".). The hindmost of these form the superior decussation 
already referred to as seen in sections at the fore-part of and in 
front of the pyramidal decussation (Fig. 113, 3, supra Py. dec). 
After decussating ventral to the central canal these fibres form an 

. called the inter-olivary layer (Fig. 113, 4, in. ul.) lying dorsal 
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to the pyramids between the two olivary nuclei. This layer may 
be regarded as the hind end or beginning on each side of a remark- 
able longitudinal strand called the fillet (Figa. 112, B.F., 114, F.), 
of the cunnections of which in the front part of the brain we shall 
apeak hereafter. Thus these two nuclei are the source of fibres 
which cross to the other side of the bulb, and reaching the inter- 
olivary layer dorsal to the pyramids run up to higher parts of the 
brain by the fillet. 

The gracile and cuneate nuclei give rise also to other fibres 
which, though also sweeping ventrally and crossing to the other 
side, do not, when they reach the inter-olivary region, assume a 
longitudinal direction as do the fibres formiug the fillet, but as 
external arcuate fibres (Fig. 113,/. a. e.) pursue a course which is 
at first ventral along the side of the anterior fissure and then 
lateral over the ventral surface of the pyramid and olivary nucleus, 
by which path they reach the lateral surface of the bulb, and so 
the restifoiTU body and cerebellum. In this way, the two nuclei 
in question contribute to the restiform body of the opposite side 
of the bulb. These external arcuate fibres, which as they sweep 
round the ventral surface of the pyramid traverse the arcuate 
nucleus, though they vary much in individual brains, form a 
considerable portion of the white matter seen on the ventral and 
lateral surfaces of the bulb ; it is by them that the olivary nucleus 
is covered up. 

The cuneate and graciie nuclei, besides this crossed and 
somewhat roundabout connection with the restiform body of the 
opposite side, have also a direct connection with the restiform 
body of the same side ; fibres pass by a more or less direct lateral 
path from them to it. Thus the two nuclei are connected with 
the opposite side of the cerebellum by external arcuate fibres, and 
with the same side of the cerebellum by the other fibres just 
mentioned. The connection between the two nuclei and the cere- 
bellum is large and important ; and as the nuclei diminish forwards 
the restiform body increases in bulk. 

Hence the important strand of fibres which is called in the bulb 
the restiform body, and higher up the inferior peduiicle of the 
cerebellum, is connected with the spinal cord in two chief ways : 
directly by means of the cerebellar tract, and indirectly by means 
of the cuneate and gracile nuclei By the relay of the gracile 
nucleus it is brought into connection with the median posterior 
columu along the whole length of the cord, and so with that 
division of the dorsal roots which (§ 577) in the several spinal 
nerves goes to form that column. By the relay of the cuneate 
nucleus it is brought into connection with such parts of the 
external posterior column as end in that nucleus, and thus 
probably with other fibres of the dorsal roots of the upper 
spinal nerves. And if we admit that the cerebellar tract is 
connected, by the relay of the vesicular cylinder or by other nerve 
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^^m Co. 

^^H cells, with the re^^t of the dorsal roots of the spinal oerves, we 
^^H may coaclude that the restifurm body is, by means of these relays, 
^^H a prominent continuation of all the spinal dorsal roots. 
^^H The restiform body and so the cerebellum is also specially 

^^H connected with the olivary body of the opposite side ; for when ia 
^^M young animals one side of the cerebellum is removed the olivaiy 
' body of the opposite side atrophies. The fibres maintaining this 

connection appear to pass from the olivary nucleus of one side 

I through the interolivary layer and thence laterally through the 
reticular formation of the other side to the restiform body and 
so to the cerebellum. Lastly we may add that a tract which is 
sometimes included in the restiform body as its median or inner 
division has quite a different origin from any of the above ; the 
fibres which compose it come, as we shall see, from the auditory 
nerve. 
The further connections of the bulb with the cerebrum it 
will be best to leave until we come to deal with the structural 
arrangement of the rest of the brain. 
Ale&nwhile enough has been said to shew that the bulb differs 
very materially in structure from the spinal cord. The grey matter 
of the bulb is far more complex in its nature than is that of any 
part of the coi-d ; and the arrangement of the several strands and 
tracts of fibres is far more intricate. The structural features on 
the whole perhaps suggest that the main functions of the bulb are 
twofold ; on the one hand it seems fitted to serve as a head centre 
governing the spinal cord, the various reins of which, with the 
exceptions noted, it holds as it were in its handii ; on the other 
hand it appears no less adapted to act as a middleman between 
parts of the spinal cord below and various regions of the brain 
above. As we shall see experiment and observation give support 
to these suggestions. 



«EC. 3. THE IHSPOSITION AND CONNECTIONS OP THE 
GREY AND WHITE MATTER OF THE BRAIN. 



The Grey Matter. 

§ 613. As we pass up from the bulb to the higher parts of the 
brain, the ditferentiation of the grey matter into more or less 
separate masses, which we have seen begin in the bulb, becomes 
still more striking. We have to distinguish a large number of 
areas or collections of grey matter more or less regular in form and 
more or less sharply defined from the surrounding white matter ; 
to such coUectiona the several terms corpus, locus, nucleus and 
the like have from time to time been given. These areas or col- 
lections vary greatly in size, in form and in histological characters ; 
they differ from each other in the form, size, features and arrange- 
ment of the nefve cells, in the characters of the nervous network 
of which the nerve L-ells form a part, and especially perhaps in the 
extent to which the more distinctly grey matter is traversed and 
broken up by bundles of white fibres. Guided by the analogy of the 
spinal cord, as well as by the results of experiments and observa- 
tions directed to the brain itself, we are led to believe that the 
complex functions of the brain are intimately associated with this 
grey matter; and a full knowledge of the working of the brain will 
carry with it a knowledge of the nature and meaning of the 
intricate arrangeraeut of the cerebral grey matter. At present, 
however, our ignorance as to these things is great ; and, though 
various theoretical classitications of the several col lections of grey 
matter have been proposed, it will perhaps be wisest to content 
ourselves here with a very broad and simple aiTangement. We 
will divide the whole grey matter of the brain into four categories 
only. 1. The central grey matter lining the neural canal; and 
with this we may consider the nuclei of the cranial nerves, some of 
which are closely associated with it. 2. The superficial grey 
matter of the roof of some of the main divisions of the brain, such 
as that of the cerebral hemispheres, and of the cerebellum. 3. 
The intermediate grey matter more or less closely connected with 



^^H the crura cerebri. 4. Other colleclioDs and areas of grey matter. 

^^B We will, moreover, confine ourselves at present for the most part 

^^H to their general features and topography, reserving what we 

^^B have to say concerning their histological characters for another 

^^M occasion. 

r z 
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1. The Central Grey Matter, and the Nuclei of the Cranial 
Nerves. 

§ 614. The ventricles of the brain like the central canal of the 
spinal cord, of which they are a continuation, are lined by an epi- 
thelium which is in general a single layer of columnar cells ; ' ' 



.helium which is in general a single layer of columnar cells said to 
be ciliated throughout, though it is often difficult to demonstrate 
the cilia. Beneath this epithelinm lies a layer of somewhat pecu- 
liar neuroglia, forming with the epithelium, as we have said 
(% 610), the epeiidyma, which, well developed in the floor of the 
fourth ventricle and in the walls of the third ventricle, and of the 
aqueduct, is thin and scanty in the lateral ventricles. Beneath, 
and more or less connected with the ependyma in the sides and 
Boor of the third ventricle, is a fairly conspicuous layer of grey 
matter, which is well-developed in the parts of the floor exposed 
on the ventral surface of the brain, and known as the lamina ter- 
minalis, the anterior and posterior perforated spaces, the tuber 
ctuereum &c. This layer is not continued forwards into the lateral 
ventricles of the cerebral hemispheres, but it is well-developed 
backwards along the aqueduct (Figs. 117, 118) and in the floor of 
the fourth ventricle, and through the bulb becomes, as we have 
seen (§ 610), continuous with the central grey matter of the cord. 
The nerve-cells of this grey matter are on the whole small and in 
many places scant. 

§ 616. The several roots of the cranial nerves from the third 
nerve backward.^ may be traced within the brain substance to 
special collections of grey matter, called the nuclei of tfie cranial 
nervet, some of which he close upon the central grey matter, 
while others are placed at some distance from it. The optic 
nerve and what is sometimes called the olfactory nerve, namely, 
the olfactory bulb and tract, may advantageously be dealt with 
apart, since these two nerves are not, like the other cranial nerves, 
nmple outgrowths from the walls of the original neural canal, but 

in reality elongated vesicles, budded off from the neural 
lal, the cavities of which have beeu obliterated. We may add 
that part of the retina, and of the grey matter of the olfactory 
tract, may perhaps be considered as corresponding to the nuclei 
of which we are speakiug, the retinal and proper olfactory fibres 
being connected with them very much as the fibres of the re- 
f cranial nerves are connected with their respective nucleu 

F. III. 66 
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In the brain, the segmental repilarity of the nerve roots so 
conspicuous in the spinal cord ia very greatly obscured. We shall 
have something to say on this point later on ; but at present we 
may be content to treat the several nerves in a simple topographical 
manner. They may be seen in a ventral view of the brain Fig. 112. C, 
leaving the brain at various levels by what is called their " super- 
ficial origin ; " the third nerve issuing in front of the pons, and 
the last or hypoglossal stretching back to the hind end of the bulb. 
Part, indeed, of the eleventh nerve, the spinal accessory nervi? 
properly so called, makes conneccions with the spinal cord below 
the bulb as far back as the sixth or seventh cervical nerve, or even 
lower; but this part may by these connections be distinguished 
from the remaining part of the nerve, as well as from all the other 
cranial nerves. The nuclei to which the nerve-roots may be tiwied 
within the brain substance, sometimes .spoken of as the "real 
origin," range in position from the hinder part of the bulb to the 
hind end of the third ventricle. The nucleus of the hypoglossal 
nerve begins in the bidb just above the decussation of the pyra- 
mids, the nucleus of the third nerve ends beneath the hind end of 
the floor of the third ventricle ; and all the rest of the nuclei may 
be broadly described as placed between these limits in various 
parts of the floor of the central canal or in adjoining structures, 
(hough part of one nucleus, namely, that of the fifth nerve, can 
be traced, as we shall see, back into the spinal cord as far as the 
second cervical nerve and probably extends still farther. Fig. 119 
is a diagram shewing in a roughly approximate manner the nuclei 
of the several nerves as they would appear in a bird's-eye view of 
the floor of the aqueduct and fourth ventricle looked at on the 
dorsal aspect. 

§ 616. The Twelfth or Hypoglossal Nerve. The nucleus of this 
nerve, which it will be convenient to take first (Fig. 119, Xli.), is 
a long column of grey matter lying in the bulb parallel to, and 
very close to, the median line. It reaches from the hinder part 
of the fourth ventricle, at about the level of the hind end of the 
auditory nucleus, as far back as beyond the hind end of the olivary 
body. At its extreme hind end or beginning (Fig. 113, 2), it 
occupies a ventral position and is a part of the ventmt horn ; 
theuce it gradually rises dorsally (Fig. 113, 3, 4, 5), but so long as 
the central canal remains closed continues to occupy a distinctly 
ventral position in reference to the central canal ; in its front part, 
it is, by the opening up of the fourth ventricle, brought into an 
apparently more dorsal position (Fig. 113, 6). 

The nucleus consists mainly of large nerve-cells with distinct 
axons, which though pursuing a somewhat irregular course may 
be traced into the fibres of the nerve. These, starting from 
the ventral surface of the nucleus along its length, run ventrally 
through the reticular formation, and making their way in a 
series of bundles, between the olivarj' nucleus on the lateral side 
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aad the pyramiii and median accessory olive on the median side 
'a the aurtact; along ihe groove which separates the pyramid 

a the olivary body. 

§ 617. The Ninth or Glossopharyngeal, Tenth or Vagus, and 
Eleventh or Spinal accessory Nerves, It will be advantageous 
to consider the.se three nerves together. 

In the spinal accessory nerve we must distinguish, as we have 
•aid, two parts : the " spinal accessory " proper, formed by the 
rootH which come off from the cervical spinal cord, reaching as far 
down as the sixth or seventh cervical nerve, and the "bulbar 
accessory," whose roots come off from the bulb just below the 
▼agus. 

The spinal accessory proper takes origin in the group of cells 
lying in the extreme lateral margin of the ventral horn, from 
whence the fibres proceed either directly or, after a abort course 
in the grey matter, outwards through the lateral column, and issue 
from the cord along a line intermediate between the ventral and 
dorsal roots ; the upper roots undergo, with the portion of the lateral 
horn from which they spring, the shifting spoken of in § 605. 

The bulbar accessory may be traced to an elongated nucleus 
in the bulb which is couitnon to it, to the vagus, and to the glosso- 
pharyngeal; hence we have taken ihese three nerves together. 
This (Fig. 119) stretches farther forward than the hypoglossal 
nucleus, reaching the level of the transverse fibres called striie 
acustice {str.), but does not extend so far behind. 

In transverse sections of the bulb, which pass a little below 
or a little above the point of the calamus acriptorius (Fig. 113, 
4, 5), two nuclei or collections of cells are seen in the grey 
matter round the central canal. The more ventral one is the 
hypoglossal nucleus, the more dorsal one the beginning or hind 
part of the combined accessory-vago-glossopharyugeal nucleua 

When a little farther forward the central canal opens out 
into the fourth ventricle (by which change the hypoglossal nucleus 
(Fig. 109, 6 H. XII.) is brought nearer to the dorsal surface in the 
floor of the fourth ventricle) this combined nucleus, increasing in 
breadth, is thrown to the side and assumes a more lateral position, 
lying now on the side of. but still somewhat dorsal to, the hypo- 
glossal nucleus, between it and the now diminishing gracile 
nucleus. In this position the nucleus appears to consist of two 
parts, a median and lateral, the median part having conspicuous 
nerve-cells of moderate size, the lateral part having but few ceils, 
and those of small size. From this level the nucleus runs 
forwards, maintaining nearly the same position in the 6oor of the 
fourth ventricle but gradually becoming thinner, and ends as we 
have said at about the level of the stnce acusticie on the dorsal 
surface corresponding on the ventral surface to a level a little 
behind the hind margin of the [Kins. 

From this combined nucleus, but chiefly from the median 
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part, fibres may be traced which sweeping in a veDtraJ and lateral 
directiou through the dorsal part of the reticular formation, pass 
ventral to, or in some cases through the gelatinous substance and 
the strand of fibres connected with the fifth nerve (Fig, 113, V. a), 
and reach the surface of the bulb on its lateral aspect in a line 
between the olivary and restiform bodies {Fig. 112, C). Along 
this line may be seen (Fig. 112, C) a series of roots ; of these the 
lowest, the accessory roots, are connected with the hind jiart, the 
highest, the glossopharyngeal roots, with the front part (and it is 
these especially which pierce the gelatinous substance ( Fig. 114, 
IX. a)), and the intermediate, the vagus roots, with the middle part 
of the combined nucleua Hence we may speak of the hind pari 
of the whole nucleus as being the accessory nucleus, the middle 
part as the vagus nucleus, and the front part as the glossopharyn- 
geal nucleus. We have reason to think that the fibres which can 
thus be traced to this combined nucleus are afferent fibres, and 
that the cells composing the nucleus are the recipients of impulses 
reaching thera along these fibres. Hence we may fitly describe 
the fibres as ' ending in ' the nucleus ; just as in a similar manner 
we may describe the efferent spinal accessory as ' springing from ' 
the group of cells forming its nucleus. 

All the fibres however of the roots of these three nerves do not 
thus end in the nucleus in question ; some of them end or begin 
in a different way. 

In sections through the bulb there may be seen just ventral 
to and a little lateral to the combined nucleus (Fig. 113, 4, 5, 6, 
IX. a), the circular section of a longitudinal bundle of fibres. In 
the hinder sections (Fig. 113, 4) the bundle is a very thin one, and 
still further back it is lost to view, though there are reasons for 
thinking that some of the fibres are continued back into the cervi- 
cal cord, as far aa the origin of the fourth cervical nerve or even 
beyond ; in the more forward sections (Fig. 113, 5 and 6) it 
increases in diameter and may be traced forward to the front end 
of the combined nucleus into which it merges. It is a bundle of 
fibres which, starting successively in the lateral grey matter of the 
cervical cord and higher up in the reticular formation of the bulb, 
run longitudinally forwards ; the bundle at first increases in size by 
the addition of fresh fibres at each step ; but farther forwards the 
fibres leave the bundle to pass into the roots of the nerves 
of which we are speaking, especially of the glossopharyngeal, 
and the bundle eventually ends in front by passing into the 
glossopharyngeal roots. The bundle is called the uscenaing root of 
the glossopharyngeal, the term ascending being used since it is 
customary to trace such structures from below upwards, that is 
from behind forwards; though since the fibres in question are 
probably afferent fibres carrying impulses backwards from the 
nei-ves to the grey matter, 'descending' would be the more 
appropriate word. The bundle has also been called the fasciculus 
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^^^P aoUtariue; aud, since its position has been supposed to correspond 

^^^B to that of the area marked out experimentally as the respiratory 

^^H centre, § 361. it has been spoken of as the respiratory bundle. 

^^^M Along its whole length this ascending root is accompanied by a 

^^^B quantity of grey matter, and fibres or collaterals passing off from 

■ ■ 






Uie roots form synapses ivith the cells in this grey matter. Hence, 
though the cells do not form a compact mass such as can be called 
a nucleus, the grey matter in question may be regarded as the 
ending of the root. 

As we shall see, the fibres of other afferent cranial nerve roots 
bifurcate, after the fashion of the fibres of a dorsal spinal root, soon 
after their entrance into the bulb ; but this does not seem to be the 
case with the afferent fibres of the accessory-vago-glosso-pharyngeal 
roots. 

But there is yet a third source of some of the fibres of the 
nerves of which we are speaking. In sections of the bulb above 
the decussation of the p^Tamid a patch of grey matter is seen 
lying in the lateral part of the reticular formation (Fig. 118, x. m), 
about midway between the ventral and dorsal surfaces. What 
is thus disclosed by sections is a column of grey matter, the " nu- 
cleus ambiguus" (Kig. 119, na), stretching about as far forwards 
Uid backwards as the combined accessory- vago-glosso pharyngeal 
nucleus, but placed distinctly more vcntrally and somewhat more 
laterally. (In Fig. 1 1 9, it and the combined nucleus are represented 
on different sides of the diagram, to avoid confusion through the 
overlapping of the shading,) From it fibres curve round (Fig. 113, 
6, X. m), to join the accessory -vago-glossopharyngeal roots, but 
especially the vagus roots. It may therefore be considered as an 
additional nucleus of the vagus (and possibly of the other) roots. 
We have reason to think that the fibres connected with this 
nucleus ambiguus are efferent, and indeed motor fibres. 

The roots of these three neri'es then, the bulbar accessory, the 
vagus, and the glossopharyngeal, all leaving the surface of the 
brain along the line between the olive and the restiform body, 
and all so far alike that it is impossible upon mere inspection to 
say where in the series the fibres of the middle nerve, the vagus, 
begin and end, spring from three sources, the combined nucleus, 
the nucleus ambiguus, and the a.scending root, 

§ 618. The Eighth or Auditory Nerve. This nerve differs from 
the other nerves which we are now considering in being a nerve of 
special sense ; its arrangements are complicated. In a view of the 
base of the bmiu (Fig. 112. C), the nerve is seen to leave the 
surface of the brain from the ventral surface of the fore part of 
die restiibrm body at the hind margin of the pons as two strands 
or roots, one of which winds round the restiform body so as to 
.xeach its dorsal surface while the other appears to sink into the 
sobstance of the bulb to the median side of the restiform body; 
and in a transverse section of the bulb (Pig. 114) just behind the 
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pous the two roota may be seen embracing the restifumi body, one 
passing oq its dorsal and the other on its ventral side. The former 
IS called the dorsal root (Fig. ll*), or sometimes the lateral root 
(it has been called the posterior or inferior root); the latter is called 
the ventral i-oot (Fig. 115), or sometimes the median root (it has 




FlQ. 116. ThHOOQB tHK WiDBST PABT OF THE FonBTH Vt! 
Takfii in the line 115, Fig. 113. 

Ft/. P:rraniidal fibres ont transverBely. tr. P. the eaperficial (veotral) transveTW 
flbrea ol the pons. The shaded part or thu pons (gr. P.) indicates grej nutlei 
mingled with the deeper tran-iverse fibres. F. the fillet. Tp. the trftpeiium. 
C. R. the reatiform body oi ioferior peduncle of the ceiebellum, cut across 
obliquely. S. P. the superior peduDclen of the cerebetlum. r. raphe. 
I. 0. superior olive. C. D. oorpns dentatum of the cerebeUum. P/, n. the 
oucleoB of the root. i. g. tubercle of Rolando. I'. S. section throagh aulcoa in 
the vermis superior of the cerebelloni. I. bundle from the olive to the 
ienlicnlar noil cue. 

VIII, the eighth or auditor; nerve, its ventral or ventibular root, proceeding from 
VIII. p. the front part of tbe lateral auditoiy nuoleus. VII. n. the nucleus of 
the seventh or facial nerve. VI. the uuoleua of the sixth nerve. Vn. g. fibres 
of the seventh nerve cat acrose as they sweep round the nucleus of the sixth 
before issuing from the pons as VII. 

4tb, the fourth ventricle, here roofed in by the oerebellum ; the shading ol the 

central grey matter immediately BDitouodtng the ventricle is, for the sake of 

«impltcity, omitted. 
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I \)eeo called the anterior or superior root). When we come to 
^ study the ear we shall find that one division of the auditory 
nerve ia distributed to the cochlea alone and is called the nervua 
cochlearis, the rest of the nerve being distributed to the utricle, 
saccule and semicircular canals as the uervus vestibularis. As 
we shall see, there are reasons for thinking that the vestibular 
nerve carries up to the brain from the semicircular canals impulses 
other than those or besides those which give rise to sensations of 
sound, whereas the cochlear nerve appears to be exclusively con- 
cerned in hearing; and in some structural details these two 
divisions of the auditory nerve differ from each other. Hence 
it is important to note that the cochlear nerve ia the continuation 
of the dorsal root and the vestibular nerve the continuation of 
the ventral root; the former may with advantage be called the 
cochlear root, and the latter the vestibular root. 

With these roots of the auditory nerve proper also issues, a 
little in front of the ventral root, the small nerve called the portio 
intermedia Wriahergi. which goes to join the facial ner\e. 

The auditory nucleus, as a whole, is a broad mass, having in 
transverse sections of the bulb a somewhat triangular form, lying 
in the lateral parts of the floor of the fourth ventricle, reaching 
in front somewhat beyond the level of the striee acusticse, and 
overlapping behind the front parts of the nucleus ambiguus and 
the combined accessory- vago-glossopharyngeal nucleus ; it extends 
laterally some distance outside the former nucleus. 

The nucleus however consists of two distinct parts, a median 
or inner nucleus (Fig. 119, VIII. m.), characterized by the presence 
of small cells, and a lateral or outer nucleus (Fig. 119, VIII. I.), 
the cells of which are much larger, some of them being very large. 
The lateral nucleus is placed somewhat deeper than, ventral to, 
the median nucleus; it also extends farther forwards (Figs. 114 
and 115, VIII. y9), so that the front end of the whole nucleus is 
furnished by the lateral nucleus alone, which at its front end 
occupies a more dorsal position than at its hind end. 

Moreover this auditory nucleus thus placed in the floor of the 
fonrth ventricle is the nucleus not of the whole auditory nerve, 
but of the vestibular nerve only. At the convergence of the 
cochlear and vestibular roots on the ventral surface of the restiform 
body is placed a group of cells, forming a swelling which in its 
general appearance and in some of the cnaracters of its cells is not 
unlike a ganglion on the dorsal root of a spinal nerve. This is 
called the accessory nucleus. The cochlear root further bears a 
dorsal swelling, due to the presence of cells, the tuberctduni acus- 
lieum, which, small in man, is in some animals conspicuous. 

When we trace centralwards into the brain the fibres of the 
eochlear root (Fig. 114) we find that these, like the fibres of 
a spinal dorsal root upon their entrance into the spinal cord, 
UAiTCate into ascending and descending branches. The branches 
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which are short end, the ascending in connection with the cells of 
the accessory nucleus, the descending in connection with the cells 
of the tuberculum acusticum and also with those of the accessory 
nucleus. These two bodies in fact, the accessory nucleus and the 
tuberculum acusticum, form together the ending or nucleus of the 
cochlear root, and might be called the 'cochlear nucleus." Hence 
the fibres which winding round the lateral and doreal surface of the 
restifonn body appear to be a continuation of the cochlear root are 
not really so ; they are fibres starting from the cells of the tuber- 
culum acusticum and accessory nucleus, which cells serve as a relay. 
Reaching the dorsal surface of the restiform body, these fibres form 
on the floor of the fourth ventricle the stri^acusHca {Fig. 112, str.), 
and, though their coui-se has not as yet been completely made out, 
appear to end in certain regions of the tegmentum, some being said 
to run into the fillet. Many at least of these fibres cross over to 
the opposite side. From the accessory nucleus also start a number 
of fibres which running transversely in the ventral region of the 
tegmentum, dorsal to the transverse fibres of the pons, form what 
is called the trapezium (Fig. 115,7^.). Most of these fibres cross over 
to the opposite side and end or are connected by collaterals with 
various collections of grey matter in the tegmental region. Thus, 
as we shall see. the cochlear nerve, by means of relays first in the 
cochlear nucleus and then in the grey matter of the tegmental 
region, becomes connected with the curebi-a! hemispheres. 

When we trace the vestibular root (Fig. llo) inwards we find 
that making no connections at all with the cochlear nucleus, it passes 
(Fig. 115, \III) to the median side of the restiform body, between it 
ana the ascending root of the fifth nerve, anil so reaches the vesti- 
bular nucleus. Its fibres, like those of the cochlear nerve, all 
bifurcate, the branches taking an ascending and a descending course. 
The descending branches appear to end almost entirely in connection 
with the cells of the median nucleus. Some of the ascending fibres 
also end in the same median nucleus, but the majority of these 
end in connection with the cells of the lateral nucleus. From 
this lateral nucleus, which lies on the median side of the restifonn 
body, fibres pass up to the cerebellum, constituting what is some- 
times spoken of as "the median division of the restiform body"; and 
the nucleus may perhaps be considered as a relay for the vestibular 
fibres on their way to the cerebellum, analogous to the relay of 
the vesicular cylinder between the dorsal roots of spinal nerves 
and the dii-ect cerebellar tract. It is probable however that some 
of the ascending fibres of the vestibular nerve do not end, after 
a short course, in the lateral nucleus, but passing by the cells 
of the nucleus pursue a longer unbroken course along the median 
division of the restiform body up to the cerebellum, where they 
end in the grey matter known as the " nucleus of the roof," and 
apparently in that of the opposite side. These ascending fibres 
thus constitute a connection, direct or indirect, between the auditory 
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^^H (vestibular) nerve and the cerebellum, the physiological aignificaQce 

^^H of which we shall see later on. 

^^B From the cells both of the lateral and median nucleus fibres 

^H pass to the tegmental region of the opposite side, some taking part 

^^M in what we shall Hpeak of hereafter as the posterior longitudinal 

^^M bundle. Thus by the relay of the vestibular nucleus (median and 

^^H lateral) the vestibular nerve in brought iuto connection with the 

^^H tegmental region. 

^^B Lastly, we may add that the Hbres of the peculiar portio 

^^M intermedia Wriabergi appear according to recent researches to be 




Fia. 116. T&ROTTOR THK PoKS jtT THE EXIT OF XBX FtlTB 

Nkbti. (SherriiiKUiii.) 
{Taken in tin iiiu 116. Pig. 113.) 

C. it. Bemaina of restifonn body. S. P. superior peduitole of the cerebellum. 
F. ■>. mediaD. F. I. lateru fillet. T. R. tegmentsl reticular rnrmatian. 
(r. P. superfioial IrariBverBe Gbrea o( Ibe pons. t. poBterioi longitudinal 
bundles. V. i. auperior vermis ; secCions of tbree folia are Bhewn, onu beiog 
deUuih«d : between tbem the ioterveninR auloi laid open by the secIioD are 
ieen. VI. a. Talye of Vieutwens or anterior velum, r. Fsphe. Py. Pyramidal 
fibres, gr. P. crey matter of tbe pouH. i. o. anperioi olive, r. plac«l on 
the left side iDdiaatee the position of a boodle of longitudinal fibres wbioli 
may be tnoed forward into the anbthalainio leitions. I', m. motor nualeus. 
V. I, sensory nnoleus, and I', roots of the fifth uerve. 

Mh, fonrth ventricle ; shadiug of central grey matter omitted as in Fig. 115. 
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connected with the geniculate ganglion lying on the facial nerve, 
in the Fallopian canal, in the same way tnat the afferent fibres of 
a spinal nerve are connected with the ganglion on the dorsal root. 
The cells of the geniculate ganglion give rise by T-piecea to 
central and peripheral fibres. The peripheral fibres run along the 
facial nerve to form part of the chorda tympani ; the centra! fibrea 
form the portio intermedia (which may therefore be compared to 
the dorsal root of a spinal nerve) and entering the bulb bifurcate 
like dorsal root-fibres, both ascending and descending branches 
ending in the grey matter surrounding the ascending root of the 
glossopharyngeal. The nerve is in fact an afferent nerve supply- 
ing the chorda tympani with its sensory (but probably not its 
gustatory) fibres. 

§ 619. The Seventh or Facial Nerve. The nucleus (Fig. 119, 
VII. and Figs. 114, 115, VII. n.), of this nerve, narrower in fi^nt 
than behind, reaches from the level of the striie acusticse some 
distance into the region of the pons, and occupies in the midst 
of the reticular formation, a little dorsal of the patch of grey 
matter called the upper olive, a position corresponding closely to 
that of the nucleus ambiguus. The cells of the nucleus are large, 
and possess well-marked axons, which are gathered up at the dorsal 
surface of the nucleus to form the root. This, rising up dorsally. 
describes a loop (Fig. 115. VII. g.) round the nucleus of the sixth 
or abducens nerve, running forward for some little distance dorsal 
to that nucleus, and then descends again ventrally, passing to the 
lateral side of its own nucleus, between it and the ascending root 
of the fifth (Va)\ it thus gains the surface of the brain at the 
hinder margin of the pons, lateral to the abducens, opposite the 
front end of the groove between the olivary body and the restifona 
body, Aa it thus encircles the nucleus of the abducens, it looks as 
if it were receiving fibres from that body ; but the evidence goes 
to shew that these fibres simply pass through the nucleus, and do 
not take origin from any of its cells. 

Of the muscles supplied by the facial nerve, the orbicularis 
palpebrarum and frontalis stand apart from the other facial 
muscles ; in certain cases of facial pal.sy these two muscles escape. 
And indeed the fibres suppljTng them are derived not from the 
facial nucleus, but from the hind part of the nucleus of the third 
nerve. In consequence, this part of the third nucleus is often 
called the upper nucleus of the facial nerve. 

§ 620. The Sirth or Abducert^ Nerve. This nerve starts from a 
compact oval nucleus (Fig. 119, VI.), lying at the level of the 
hinder part of the pons, and therefore of the front part of the 
fourth ventricle, in the central grey matter of the floor of the 
ventricle, or rather just between it and the reticular formation, a 
little on one side of the median line (Fig. 115, VI.). A slight 
swelling of the floor of the fourth ventricle, eminentia teres, 
marks its position (Fig. 119, e. I.). The nucleus contains fairly 
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Wge nerve-cells, with distinct ftjcifi-cylioder processes. These are 
gathered at the median side of the nucleus to form the thin 
root, which passing ventrally and laterally, at some little distance 
from the median raphe, through the reticular formation, runs 
backward above the pyramidal bundles of the pons, and (inally 
comes to the surface at the hinder edge of the pons, opposite the 
front end of the pyramid (Fig. 112, C). 

§ 621. The Fifth or Trigeminnl Heme. This nerve, as it comes 
to the surface on the ventral aspect of the pons (Fig. 112, C). 
near the front edge, at some (hstance from the median Use, 
consists of two parts, a smaller motor root and a larger sensory 
root, the latter bearing the large ganglion of Gasser; and the 
origin of the nerve is in many ways complex. Both roots may 
be ti-aced in an oblique direction (Fig. 116, V.) inwards and 
backwards through the pons towards the dorsal and lateral surface 
of the reticular formation beneath the floor of the front part of the 
fourth ventricle, the smaller motor root taking up a position median 
to the larger sensory root. 

Here the motor root takes origin in part from a collection of 
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Fio. 117, Tdrocdu thk Poue Pibt o? thk Tomh. (SU 
ITakrn in the tine 117, Fig. 113.) 



I. poBteriot iDDRittidinal bnndlas. P. C. <J. PMlerior corpora quBdrigeroina. 
y. Fibre* which become detached from tbe fillet, and further forward form 
{the innermost) part of the pea of the crua. 1. c. loette cnnilcua. n. P. (J. 
nacleuH of the posterior eorpark qaadrtgemina ; the ontline ia made too sharp, 
IT. bandlea of the fourth Derye decuiaatlng. lY. n. its nucleoe. V. d. deBceoci- 
ing root of the Bfth nerve. Aq. (be aqnednot- c. g. the rt^on of central gn; 
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nerve-cells (Figs. 119 and 116, V. m.), which may be regarded as 
its nucleus ; but in part only, for this is not the whole origin of the 
motor root. 

From the level of the nucleus there stretches forwards as 
far as the level of the anterior corpora quadrigemina a bundle of 
longitudinal fibres which, since it is usually traced from the front 
backwards until it passes into the root of the nerve, is spoken of 
as the descending root of the fifth nerve. This descending root 
begins as a few scattered bundles of fibres at the level of the 
anterior corpora quadrigemina, in the peripheral lateral part of the 
central grey matter surrounding the aqueduct, dorsal and lateral 
(Fig. 118, V. d.)M the nucleus of the third nerve (Fig. 118, IIL «.). 
From thence the fibres pass backward, augmenting in number, and 
soon form a compact bundle, semilunar in transverse section, lying 
lateral to the fourth nerveaa this is rising dorsally (Fig. 117, V. d.); 
still increasing in number in their course backward they gradually 
assume a more ventral position as the aqueduct opens into the 




.8. TbKOUOH the CrCB and ANTEBIOH CoitFOIlA QUADHIOEHIHI. 

(One liiilf only is Bhewn.) (SherrmRlon.) 
(Takeain the line US, Fig. 112.) 
Pg. the pjTiimiiilal portion of the pes. J^r. the region of the pea oocnpied b; fibre* 
from tbe frontal portion of toe cortex. Fr. 0. the resioD oconpied b? fibres 
ooming from the ocaipital portion of the cortex, y. flbreii coming fttmi the 
RUi't. Op. tbe optic tr&ct. F. the fillet, (. the lateral portion, m. the medtno 
portion. I, the posterior longitudiDal bnndle. li. a. the brachium of tbe 
anterior corpus quadrigeminum. j;. fibres from tbe poBterior commiaenre of 
tbe cerebrum, r. raphe. H. n. subntantia nigra. R. n. red naclens. C. g. I. 
lateral, nnd C, g. m. median corpiix geniculatum. Prr. polvinar of opUo 
thalamas. A, Q, n. nuoleua or grey matter of anterior corpua quadrigeminam. 
III. n. nncleuB of III, third nerve. III'. Bontlets from the dorsal part of 
III. n. tbe nnoIeUB of the third nerve which cross the median line to emerge 
with rootlets derived from the nucleus of the oppoBlte aide. i. m. superfioial 
lajer o( fibres of the ant. oorp. qnad. d. m. deep layer. V, d. deacendmg root 
of the fifth nerve. Aq. aqueduct surrounded by cerebral grey matter. 
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fourth ventricle. All along its course this descending root has 
attached to it large (70 ^ or more in diameter), sparse, spheroidal 
nerve-cella. of striking appearance, from which its fibres take origin. 
This) elongated group of cells is sometimes called the ' upper' motor 
nucleus, the more compact mass from which the rest of the motor 
root arises being called the ' lower' motor nucleus. 

When the fibres of the afferent sensory root are traced back- 
ward from the Gaaserian ganglion, each fibre is found Uke other 
afferent root fibres, to bifurcate into an ascending and desceading 
branch. The ascending branches are short and end in a nucleus, 
the sensory nucleus (Figs. 119 and 116, V. s.) which lies lateral to 
the (lower) motor nucleus. 

The descending branches are longer and form the striking 
tract of fibres to which we have already so often referred, and 
which, owing to its being usually traced from below upwards, has 
unfortunately received the name of the ascending root of the fifth, 
though the impulses which its fibres normally transmit travel in a 
descending direction. 

This ascending root begins as a bundle or bundles of few fibres 
which may be traced backward as far as at least the level of the 
second cervical nerve, and is soon conspicuous in transverse sections 
(Fig. 1 13 et seq., V. a.) as a semilunar patch of white matter forming 
a sort of cap on the outside of the swollen caput of the dorsal 
horn, between this structure and the longitudinal fibres which are 
beginning to form the restiform body on the surface. Passing 
upwards, and continually augmenting in bulk, the root clings, as 
it were, to the gelatinous substance of the caput of the posterior 
horn, and sinks with it inwardly and ventrally as this becomes 
covered up first by the restiform body and subsequently by the 
issuing trunk of the great eighth or auditory nerve (Figs. 114, 
II.t). Pa.ising still forward, beyond the disappearing gelatinous 
substance, the root still growing larger and aivided into several 
distinct bundles, runs into the reticular formation of the pons 
and, reaching the level of the sensory nucleus, suddenly bends 
round and joins the other portion of the sensory root. 

Fibres of this asceudiug root send collaterals to and themselves 
' form BjTiapses with cells lying in the gelatinous substance to 
which the root clings; other fibres may make connections with 
other cells. 

From the cells of the sensory nucleus and from the cells of the 
I gelatinous substance asons may be traced to the fillet of the 
I opposite side ; these cells form a relay in the passage of afferent 
1 impulses along the nerve to higher parts of the brain. Collaterals 
< of these fibres have also been traced to motor nuclei, thus affording 
B simple mechanism for reflex action. 

§ 622. The Fourth or Trochlear Nerve. The nucleus of this 
nerve (Fig. 119, IV.) is a column of somewhat large multipolar 
cells on each side of the median line below the aqueduct (Fig. 
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119. DtlOUK TO ILLCaTIUTE THE POSITION OF TBI NuCUI OF THX C&lHUi. 

Nehtem. (Sbarriagton.) 
1 Tbe brain i* rappoaed to be viewed bom Ihe dorsal aspect, the cerebral hemispheres 
•itid oerebellnm having been cut swaj. Tbo Duclei are represented as if seta 
throDgh trsnaparenC material. On the right side, tbe corpui Btriatum and 
□ptio thalamus have been cat away liorizontallj to some little depth in order 
to shew tlieir inlemal structure. 
. lateral, E. P. eiternal poeterlor and M. P. median pueteriar column of the 
cord. J. P. inferior peduncle, 5. P. superior peduncle, and P. middle peduncle 
of the cerebellum, all cut Bcrosa The dotted curved lines, npper and lo«er, on 
the right half of the tigure to which the dotted lino P. V. outside the figure 
pointB. mark the upper and lower boundaiies of tbe pons on the ventral aspect. 

The oDtline uf the fonrtb ventricle is shewn by a bold thick line. In the Quor of 
the ventricle are shewn, on the right half :— ^. fovea poBterior. Th. trigonum 
hTpoRlorai. T. ac. trigonum acnaticum. t. t. emioentia teres, i. m. atriie 
meduUares or acnBtJcn. /. u. fovea anterior. 1. c. locus onruleua. (. g. valve 
of ViBQweuB. 
1. posterior and Qa. anterior corpus quadrlgeminum. Fg. pineal gland. ?s'r. 
tbe outline of the red nucleus. 3. the third ventricle, in which C iudieatee 
the middle or soft commiSBure. F. p. a. the pillars of tbe fornix, behind 
which i« indicated in (he cavity of tba third ventricle the hollow of tbe 
infmidibulam. C. C. g. tbe genu of the corpus calloBum. between whiob and 
the fornix Ihe cavity often called the fifth ventricle is indicated. J^. portion 
of convolution of frontal hemisphere cut across. 

On the left Bble are shewn :— C. S. corpuB etrialom. 0. T. optic tbalamna. Pr. 
pulvinar. T. u. Tuberoolum anterius. cli. i. choroidal sulcus marking the 
place of reSection of the choroidal plexus. On the right side are exposed :— 
iVC. head of. .V(. end of tail of nncleuB cat)datu^ Cip', Cip" the two parts 
of the globus pallidus, and Pi, pntamen of tbe nucleus lenticuloris. N. a. 
anterior nucleus. N. ned. median nncleun, N. lot. laleral nucleus and Pv'. 
pulvinm of the optic thalamus. Cia. front limb, Cig. knee or geno, Cip. hind 
limb of internal capEUle. Ct. external capsule. CI. clauBtnun. 

The numerals III, to XII. indicate tbe nuclei of the respective cranial nerves, all 
shewn on tbe left aide with the exception of the acceBaory-vago-glosso- 
pharjngeal IX. X. XI., which to avoid confusion is placed on the nght side. 
V~ is the motor nucleus of tbe fifth nene with the descending root, V. a. the 
senB0>7 nucleus of the same wilb the long ascending root. VIII. m. median 
nDoIeas, Till. I. lateral nucleus of the auditory nerve, n. a. nucleus ambiguua- 
The ascending root of the ninth nene is seen at tbe bind end of the combined 
nucleus of IX. X. XL 

117, IV. n.), reachiDg from the level of the junction of the 
anterior and posterior corpora quadrigemina to the hinder level 
of the latter body. 

The root, starting from the lateral surface of the nucleus, does 
not take at first a ventral direction, but sweeps laterally and 
doraally in the outer layers of the central grey matter (Fig. 117), 
and so curving round to the dorsal surface reaches the valve of 
Vieussens. where in the median line it decussates with its fellow 
in the substance of the valve. In thus decussating it affords a 
contrast with the other cranial nerves. The afferent cranial nerves 
do not decussate at all ; in the case of the efferent cranial nerves, 
the third of which we are about to speak, the motor root of the 
fifth, the seventh, the motor root of the vagus and glossopharyngeal 
and the hypoglossal, some of the fibres starting in the nucleus 
of one side arc described as crossing over to join the nerve of the 



1040 NUCLEI OF CRANIAL NERVES. [Book iii. 

other side ; but such a decussation is very partial and ie not 
admitted by all observers in all the above cases. The decussation 
of the fourth nerve however is complete and ob\-iou3, and takes 
place at some distance from the nucleua of origin. Leaving the 
surface of the brain in the valve, the nerve takes a superficial course 
curving (Fig. 1 12, B) laterally and ventrally, and makes its appear- 
ance in a ventral view of the brain at the front edge of the pons, 
on the lateral edge of the crus (Fig. 112, C). 

§ 623. The Third or Oculomotor Nerve. The nucleus of this 
nerve (Fig. 119, III., 118, III. n.) is a column of, for the most part, 
fairly large multipolar cells lying on each side close to the median 
line, in the grey matter of the central canal, just dorsal to a 
bundle of fibi-es which we shall speak of as the longitudinal 
posterior bundle ; it reaches from the level of the posterior 
commissure in the third ventricle to the level of the junction 
of the anterior and posterior corpora quadrigemina. In a section 
taken through its middle (Fig. 118) the nucleus is seen to give 
off fibres wnich run vertically towards the ventral surface, 
traversing the tegmentum and a body (Am.) which we shall 
presently speak of as the "red nucleus," but apparently making 
no connections with these structures, and pierce the median wlge 
of the pes, emerging (Fig. 112, C) on the surface to the median 
side of each cms. As we shall see later on, this nerve is now 
exclusively eEferent, whatever it may have been in more primitive 
beings. The nucleus as a whole may be divided into groups of 
cells, or smaller nuclei, of which a single median group and a lateral 
group on each side alone give origin to the fibres of the nerve. 
Two other groups characterized by being made up of small ceils do 
not give origin to any of the fibres of the nerve, and therefore do 
not properiy belong to the nucleus. We have further seen (§ 619) 
that the hind part of the nucleus gives rise to some of the fibres 
of the facial nerve. 

As has already been stated some few of the fibres arising from 
the nucleus of one side cross over to join the nerve of the other 
side. A considerable number of decussating fibres may be seen in 
the immediate neighbourhood of the nucleus at its ventral aspect 
in the median line; but the fibres thus decussating are not the 
fibres of the nerve arising in the nucleus. 

This nerve has special relations with the optic tract, but of 
these we shall speak when we cume to deal with the functions of 
the nerves. 

§ 624. In attempting to understand the nature and relations 
of these cranial nerves, it must be borne in mind that, while 
morphological studies lead us to believe that, as the vertebrate 
body has oeen developed out of an invertebrate ancestry, so the 
bram of the vertebrate has arisen by a series of modifications 
from the nervous structures placed at the head and around the 
mouth of an invertebrate, the same studies teach us that such 
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^^H an evolution has been accomplished by means of profound 
^^m changes. We have, for instance, reason to think that the 
^^H mouth of the vertebrate does not correspond to the mouth of 
^^H the invertebrate, but is & new structure, whose appearance has 
^^H been accompanied by a considerable dislocation of parts. We 
^^f must accordiDgly expect to find the indications of a segmeobal 
I arrangement greatly obscured on the one hand by transposition, 

and on the other by fusion. 

The twelfth or hypoglossal nerve is one whose nature seems 
fairly simple. It is in function exclusively an efferent nerve. The 
large cells, with conspicuous axons, which characterize its nucleus, 
are exactly like those of the ventral horn of the spinal cord which 
give origin to the fibres of a ventral root. The nucleus moreover 
m its position corresponds to part of the ventral hora of the spinal 
cord, if we take into account the shifting involved in the decussa- 

Ition of the pyramids, and in the uew developments of the bulb. 
If we compare Fig. 113 with any section of tne cord, we see that 
the hypoglossal nerve corresponds to a ventral root of the spinal 
cord, but that the fibres, after leaving the cells from which they 
take origin, ti-averse in the former a large tract, and in the latter 
case a small tract of tissne. Whether the whole nerve corresponds 
to the fibres of several segments fused together, or to those of one 
segment spread out longitudinally, is for our present purposes of 
secondary importance. 

Recognizing the hypoglossal nerve as the homologue of a 
spinal ventral root, we may go on to claim the nuclei of the third 
and fourth nerves as similar groups of cells of the ventral born, 
giving rise to ventral roots. The position of the nuclei, the 
character of the cells, the function of the fibres, all support this 
view. The case is perhaps not so clear as that of the hypoglossal 
nerve, since there arc reasons for thinking that these nerves have 
undergone in the course of evolution greater changes than has the 
hypoglossal nerve; stiil these reasons do not oppose the above 
^^— conclusion. 

^^ft The nucleus of the exclusively motor sixth nerve does not 

^^H exactly correspond to those of the third and fourth in position ; 
^^f but we may probably place it in the same series with them. 
^^^ Thus we have in succession, the third, fourth, sixth, and twelfth 
nerves, with their respective nuclei, as the ventral roots of nerves 
of their several segments. 

In the fifth nerve, the dislocation and fusion spoken of above 
has introduced difficulties. The motor nucleus, with the fibres of 
the motor root to which it gives origin, has by some been con- 
sidered as homologous to the series just described ; but it is at 
once obvious that we cannot look upon this great fifth nerve as 
ounesponding to one spinal nerve, with its ventral and dorsal root, 
great as the superficial resemblance seems to be. The featoree 
of the remarkable -so called "ascending" but in reality descending 
F. in. 67 
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root forbid this. The fibres of this root may be traced back, aa 
we have said, to the very beginning of the bulb, and indeed into 
the spinal coi-d beyond ; they are not connected with any distinct 
collection of nerve-cells, such as could be called a nucleus ; but the 
bundle of fibres clings, as we have seen, to the gelatinous sub- 
stance of the dorsal bom of the spinal con! and to the continuation 
of this along the bulb, and the fibres end in connection with the 
cells of this substance. The root, therefore, correaponda to part 
at least of the dorsal root of a spinal nerve ; and we have now 
experimental proof, that the trophic centres of these fibres are to 
be found in the cells of the Gasserian ganglion. 

But if this "ascending" root be of the nature of a dorsal root, 
we can hardly suppose that it belongs to a single segment, or is the 
complement of the motor root alone ; in it, most probably, the 
dorsal fibres of several segments are hlended together. Further, 
we may perhaps infer that the other fibres of the eensoiy root 
which end directly in what we have called the sensory nucleus, are 
in nature distinct from the fibres of the ascending root ; and if so, 
difSculties arise as to the nature and homologies of the nucleus 
in question. These, however, we must not discuss here, nor can 
we enter into the question of how the descending root though 
motor differs from the rest of the motor root. We have said 
enough to shew that this fifth nerve is extremely complex, and 
that its apparent conformity to a simple spinal nerve ia in reality 
misleading. 

The fibres of the vagus, glossopharyngeal, and bulbar accessory, 
taken together, are partly efferent, partly afferent. The combined 
nucleus of these three nerves, the celli of which are small and 
devoid of conspicuous axis-cylinder processes, is usually regarded 
as a sensory nucleus, and in the tfiagram. Fig. 119, ia shaded 
accordingly. It may perhaps be compared to the sensory nucleus 
of the fifth. Thus, the ascending root, or fasciculus solitariua, 
presents many analogies with the ascending root of the fifth, and 
we are led to regard this as, like it, a gathering of certain afferent 
fibres of the dorsal roots of several segments ; in its case also 
the term ascending is misleading; both are descending branches of 
the bifurcating afferent root-fibres. But there are many difSculties 
in connection with this nucleus, as with the fifth. We must not 
enter into a detailed discussion concerning them, but may remark 
that we have here perhaps to deal with complexities due to the 
fact that certainly many vagus and glossopharyngeal fibres, and 
probably some of those of the fifth, are splanchnic in function. 

The nucleus ambiguua contains large conspicuous cells and 
we must regard it as a motor nucleus, especially of the vagus 
fibres. We may also perhaps place it and the nucleus of the 
seventh nerve in the same categorj', and further class with them 
the motor nucleus of the fifth, looking upon all three as so 
many detached portions of grey matter, corresponding to some 
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part of the ventral horn of the spinal cord. Whether they are 
exactly homologous to the hypoglossal nucleus, and their tibres 
to eimple ventral roots, is not so clear. 

Lastly, the auditory nerve, both from its character as a H6rve 
of special sen.se and from the remarkable features of its nuclei, is 
even more difEcult, Most probably it results from the fusion of 
more roots thau one ; but it is impossible at present to obtain a 
clear conception of the nature of the whole nerve. 

2. The Superficial Grey Matter. 

§ 625. The whole of the surface of each cerebral hemisphere 
for some little Jepth inwards consists of grey matter, possessing 
special characters ; this is called the cortical grey matter, or the 
cortex cerebri, or shortly and simply the cortex. As we shall see, 
by its histological and still more by its physiological features, it 
stands apart from all other kinds of grey matter. 

The whole of the surface of the cerebelfum is also covered with 
grey matter, which, while possessing features of its own, so far 
resembles the cerebral cortex in its histological characters that 
it too has been spoken of as cortex, as the cortex cerebelli. By 
its functional manifestations, however, it differs widely from the 
cerebral cortex; and since there are many advantages in being 
able to use the word cortex in connection with the cerebrum 
only, it is desirable not to speak of a cerebellar cortex, but to 
employ the term " superficial grey matter of the cerebellum." 

The third ventricle and the hinder part of the fourth ventricle 
are not roofed in by nervous material, and possess no superficial 
grey matter at all. In the corpora quadrigemina, which form the 
roof of the aqueduct or cavity of the mid-brain, grey matter is 
present and possesses, in the case of the anterior corpora quadri- 
gemina at least, characters to a certain extent analogous to those 
of the ct>rtex and to the cerebellar superficial grey matter; but it 
will be best to consider the grey matter of these bodies as 
belonging to another category. 

3. The Intermediate Orey Matter of tlie Crurat System. 

§ 626. We have seen (§ 603) that the crura cerebri form the 
prominent part of a system of longitudinal fibres stretching from 
each cerebral hemisphere to the bulb and to the spinal cord. 
This system of fibres, upon which we may consider the various 
parts of the brain to be as it were founded, we may speak of 
as the cniral system. It is, it is true, not one continuous strand, 
but a number of different strands, having different beginnings 
and endings; but these all contribute to the crura aud are 
BO far alike as to justify us in considering them as a system. 
The cortical grey matter of each hemisphere is, as we shall see, 
connected with various parts of this system 
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we may regard this syBtem as beginning ia the cortex of each 
hemisphere, and ending in the spinal cord. But certain masses 
of grey matter in the hemisphere not strictly cortical, and several 
important masses and areas of grey matter lying between the 
hemisphere and the cord, are connected with the system ; and 
these we may speak of as the " intermediate grey matter of the 
crural system." 

Corpus striatum and optic thalamvs. Of all these several 
collections of grey matter, the largest, most conspicuous, and 
perhaps the most important are the two masses m the front 
part of the system known as the corpus striatum and optic 
thalamus. The former is, as we have seen (§ G02), a development 
of the wall of the cerebral vesicle, the latter a development of 
the wall of the vesicle of the third ventricle. They are therefore 
of different origin ; although in the course of the growth of the 
brain they become closely attached to each other, they are at the 
outset quite separate and distinct. Moreover, as we shall see, 
they diner from each other so essentially, in their nature and 
relations, that they cannot be considered as homologous bodies; 
and the term " basal ganglia " often applied to them is therefore 
unfortunate. Nevertheless it will render the description of their 
topographical relations easier, if for a little while we consider 
them together. 

When the lateral ventricle is laid open from above, part of the 
corpus striatum is seen projecting into the cavity of the ventricle. 
In front the projecting part is broad, forming the lateral wall and 
part of the floor of the ventricle, and to its median side lies the 
cavity of the ventricle, separated from its fellow by the septum 
lucidum. Farther back the projecting part, becoming gradually 
narrower, assumes a more lateral position and passes into the 
descending horn. In this part of its course there lies on its 
median side, separated from it by a narrow band called the 
tsenia semicircularis or stria terminalis. the optic thalamus, a 
narrow strip of the surface of which is seen projecting outside 
the edge of the choroid plexus. If now, not only both lateral 
ventricles be laid open by removal of the corpus callosum and 
the fornix with the velum interpositum and choroid plexus be 
taken away, so as fully to expose the third ventricle, but also, 
in order to obtain a better view, the whole of the hinder part 
of the cerebrum containing the posterior horns of the lateral 
ventricle be completely cut away, it is seen (Fig. 119) that the 
two optic thalanii (0. T.) present themselves as two large oval 
bodies, placed obliquely athwart the diverging crura cereori and 
converging in front to form the immediate walls of the third 
ventricle. In front and to the sides of the optic thalami are seen 
the corpora striata {C. S.) forming anteriorly the lateral walls of 
the two lateral ventricles, and diverging behind to allow of the 
interposition of the optic thalami. On each side of the brain 
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then these two bodies, the corpus striatum and optic thalamus, 
appear as two masses of giey matter placed on the crus cerebri 
as this, diverging from its fellow, begins to spread out into the 
cerebral hemisphere, the corpus striatum being placed somewhat 
in front of the optic thalamus. The relations of the two bodies 
moreover are such that while the optic thalamus alone forms the 
wall of the third ventricle to which it properly belongs, and the 
corpus striatum forms part of the wall of the lateral ventricle to 
which it in turn properly belongs, the optic thalamus also projects 
into and seems to form part of the wall of the lateral ventricle, 
though at its origin it had nothing to do with the cerebral vesicle. 

We spoke just now of these bodies as being placed on the 
crura cerebri, but though their dorsal surfaces thus project from 
the dort«al surface of the diverging crura, a large portion of each 
body is, so to speak, imbedded in the substance of the diverging 
crus, and what is seen in the above surface view is only a part 
of each body, and indeed, in the case of the corpus striatum, only 
a small part. In onler to understand the nature and relations of 
these two importitnt bodies we must study sections taken through 
a cerebral hemisphere in various planes (Figs, 120 — 127). 

Each crus is made up, as we have seen, of a dorsal portion or 
tegmentum consisting largely of grey matter, and a ventral portion 
or pes consisting exclusively of longitudinally disposed fibres. 
The tegmentum ends partly in structures lying ventral to the 
thalamus, partly in the thalamus itself; and we may for the 
present leave this part of the crus out of consideration. The 
fibres of the pes, while continuing their oblique course forwards 
and outwards, soon rise dorsally by the side of the thalamus, and 
hence, in a transverse dorao-ventral section at the level of the hind 
part of the thalamus (Fig. 120), are seen leaving their previous 
position ventral to the substantia nigra (Sn.) and passing (Cip.) by 
the side of the thalamus on their way to the central white matter 
of the hemisphere. In this part of their course they form a thick 
strand separating the thalamus {In.) from a large mass of grey 
matter which, roughly triangular in section, is divided by parti- 
tions of white matter into three parts (Op, Gp", Pi.), and of which 
we shall speak directly as the nucleus lenticularis. 

If instead of taking a transverse we take a longitudinal dorso- 
ventral (or as it is called sagittal) section (Fig. 126) we find that 
the fibres forming the strand in question do not continue parallel 
to each other as they rise dorsally but diverge in a radiating 
noaoner, forming the so-called corona radiata. If again we take 
horizontal sections at proper levels (Figs. 119, 125), we find ihat 
this strand or rather thick band of dorsally directed radiating 
fibres not only stretches (Cip.) between the thalamus and the grey 

3 just spoken of, but reaching farther forward passes (via.) 
between the same gi-ey mass on the lateral side and another grey 

a (Nc.) on the median side, the latter from its position being 
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(NBtucol size.) [SbemD|;ton.) 
Nc. nucleus oaudatuB ; in the upper part of the Ii);ure the section of the nuolens 
ifi through the narrower portion which gacceedB the wider front eud or head; 
in the lover part of the Gt^ure the section passes through [he tail of the 
nacleuB near its end, and thiB portion of it has for the sske of oteamesB been 
sundered from the grey matter of Na, nuolcus amygdaliD. more diatinotly thnn 
in reality is the oase. Gp'. Op" globus pallidiis, seen here in two segmeDts. and 
PI. polSimen of nucleus lenticnlaria. an. the aaterior. in, the iuner, and 'n. the 
lateral uuclena of the optic Chalamua ; at II. is Been the " latticed layer " lying 
neit to Cip., the posterior limb of the internal capsale. and ooataiuing maaj 
ttranda of Sbres which mingle with it. In the tLalomna between the anterior 
and internal nuolei on the one hand and the lateral nucleus on the other ia a 
layer shaded less deeply in the figure, repruai'ntiug the internal medullary lamiDKi 
of the thaUmus, consisting hirgely of white matter. Other collections of white 
nifttter within the thalamus are ili, the bundle ot Vicq. d'Azyr and F' the lower 
end of the anterior pillar of the fornix. F, The upper end of the anterior 
pillar of the fornix, below cc Che corpus csUoeum. Ctb. corpus snbtbslamicum. 
forming a fairly continuous mass with the tbalBmos ; .S'n. substanCia nigra. 
ei. claastmm ; ct, external capsule. Ca, terminal portion ot anterior oom- 
. the insula or islaud of Beil. If. the lateral ventricle ; I. t>. d. 
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deaMndiOR horn of lateral ventricle; V, 3. In the |ioBitiDD of the third 
Tootriole; the outlines or the caTitiea aie made dingrajnoiatically distinet by 
thick black lines. Op. optic tract ; P. P. ranetal lobe. T. Temporal lobe. 
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^^H evidently the part of the corpus striatum which projects into the 
^^H lateral veDtricle. The same horizontal sectinus further teach ua 
^^H that the front part of the band (Cia.) is bent at an angle upon the 
^^H hind part (Cip.). 

^^H It appears then from these sections that the fibres of the pes 

^^H as they rise up dorsally into the hemisphere spread out in the 
^^H form of a fan bent upon itself This fan-like expansion of the pes 
^^H is called the internal capsule, the angle formed by the bend being 
^^H called its genu or knee, (Ciff.) the part in front of the knee the 
^^ff Jriyii limb, and the part behind the knee the hind limb. And 
I horizontal sections at levels more dorsal than those given in 

Figs. 119 — 125 would shew that the fibrea composing this fan- 
like internal capsule, as they rose dorsally, curved away in various 
directions to reach nearly all parts of the surface of the hemisphere. 
We may add that though the internal capsule is mainly composed 
of fibres which thus stretch all the way from the cerebral cortex 
to the pes of the cms, it also contains other fibres of which we 
shall speak later on. 

§ 627. The grey mass separated from the thalamus by the 
hind limb of the internal capsule is called as a whole the nucleus 
lenticularis, since in horizontal section it presents a certain though 
distant resemblance to a lens. Of the three divisions iiito which 
it is split up by the partitions of white matter, the two median 
ones Op', Gp". are spoken of together as the globus pallidas, the 
. name being given to them on account of their paler colour. The 
third, lateral division Pt. is called the ptitamen. The use of these 
two names for the two different parts of the one body appears to 
be justified by the different connections and features of the two parts. 
The grey mass which in a horizontal section (Fig. 119, JVc.) is 
separated from the nucleus lenticularis by the front limb of the 
internal capsule, and which projects into the lateral ventricle, is 
called the nucleus caudatus. The nucleus caudatus and the nucleus 
lenticularis form together the corpus striatum; the former, since 
it projects into the lateral ventricle, being the part of the corpus 
striatum seen when the lateral ventricle is laid open, is sometimes 
spoken of as the intraventricular portion of the whole body, while 
the nucleus lenticularis, which is wholly hidden in the hemisphere 
and in no part projects into the lateral ventricle, is called the 
extraventricular portion. 

But only a part, indeed only a relatively small part, of the 
nucleus caudatus is disclosed in such a horizontal section ; to learn 
the somewhat peculiar form and relations of the whole nucleus a 
number of sections of a hemisphere taken in ditferent planes must 
be studied ; and these will at the same time explain why the nucleus 
is called ' caudatus.' These teach us that the nucleus has somewhat 
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the form of a comma (Fig. 123). The thick rounded head forms 
the lateral wall of the front part of the lateral ventricle ; thence 
the body passes backward, narrowing rapidly and diverging some- 
what laterally ; in its course it arches over the nucleus lenticularis, 
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Nc. nncleui oaudatus; Gp'. Op", globus pallidua, seen here in two Begmenta, and 
P(. pntameu of nucleus lenticularia; OT. optic thalamUB with ta. anterior 
commiBBure in close relation to cia, anteriot limb of intemal oapBnle. 
ct. external capsule, op, optio tract, ee. corpus calloBum, _f. fornii. If. H 
(mace that in its upper part belongs to the lateral ventricle, in its lower naa 
fiilod by the fold of Babaraabnoid tiesae and pia mater, the side fringe of which, 
covered with epitheliuni. furme the choroid pleinn; this fold wb,e detached in 
the making of the seotioD and was renioveil. In. the insula ; F. Frontal lobe : 
P. Parietal lobe ; T. Temporal lobe. 

For greater olearnesa, the cortical gre; matter, wtiioh is ahaded in Fig. 130, is in 
this figure left nnahaded. 
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curving so much that the end of the tail sweeping round the hinder 
border of that body and changing its direction runs eventually 
ventral to it. In a horizontal section taken at a certain depth 
Buch as that repr&sented in Fig. 119 only a portion of the head or 
body {Nc.) in the front part of the figure, and a transverse section 
of the end of the tail (Jvc.) in the hind part of the figure are seen ; 
all the intervening portion of the nucleus lies above the plane of 
the section. In a transverse, dorso-ventral section taken somewhat 
anteriorly through the front limb of the capsule, Fig. 121, the 
head or body of the nucleus candaluR (A'c.), which has not yet 
reached its greatest dimensions, is seen lying dorsal to the 
nucleus lenticularis, separated from it by the wnite mass of the 
front limb (cia) of the capsule, though this is somewhat broken 
up by strands of grey matter pjissing from one nucleus to the 
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itc. Hesd of Diioleus iiiiudatus, and Nl. tbe front end o[ the pnt&nien ot the nucleus 
lentioalaria becomiDe fueed witb iL c. e. oorpue oalloatim, cut lliroagh at itfl 
froQt bend or rontrimi no that both dorsal and ventral porttona are aliewa: 
between these ia seen the lifth veatrii^le oc CBVit; in tbe septum inciduin, SI. 
Id. lateral ventricle, CI. clauetrum. F. Frontal tobe. 
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In a transverse, dorao-ventral sectiou, taken still more 
riorly, through the frontal lobe (Fig. 122), the head of the 
teus caudatus is seen at about its greatest size, and the 
dtminishing nucleus lenticulai-is (Nl.), represented by the putamen 
alone, ia becoming fused with it, the two nuclei being separated 
by A small quantity of white matter of the internal capsule and 
that largely broken up by bridles of grey matter, giving rise to a 
striated appearance. In a similar section still farther forward, the 
nucleus lenticularis would be absent, the head of the nucleus 
oaudatus appearing by itself. Returning to the hinder part of 
the hemispnere, we find in a dorso-ventral section taken through 
the hind limb of the capsule, Fig, 120, that while the nucleus 
lenticularis is here at its greatest size, the head of the nucleus 
caudatus (Nc), lying dors^to the nucleus lenticularis and sepa- 
rated from it by a considerable thickness of internal capsule, has 
much diminished; the same section moreover shews, ventral to 
the nucleus lenticularis and clinging to the descending horn of 
the lateral ventricle {l.v.d.), the extreme tip of the tail of the 
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Nc. the oaudate nnoleoB eipoaed, to the Icrt of the letters Nc. in nearlf its entire 
Ulterior extent, to right ot the letters !□ h oooBiderable part of ita posterior 
extent. It tormn an arch at grej matter over the gre; matter of Ft, the 
pntanien and Gp. the globae pallidua of the lentioular nucleOB. Na. the 
amygdaloid nooleuB. Ci. Ci, ei, the internal cftpsole; Ca. the anterior 
oomniiMure; cc. the hinder limit of fibres of the spleninm oorporia collofli. 
P. the parietal lobe; '1', the temporal. 
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nucleus caudatua {N'c.) soon about to fuse with the small moss of 
grey matter called the nucleus amygdaUe {Na.). A sagittal 
(lotigitudinal dorso- ventral) section taken at some distance from 
the median line (Fig. 123) shews the curved course of the larger 
3rtion of the nucleus caudatus, the extreme head as well as the 
,tter part of the tail lying out of the plane of the section ; and a 
aimilar section taken nearer the middle line (Fig. 126) shews how 
the nucleus in the middle portion is broken up by bands of 
fibres of the internal capsule traversing it, and thus contributing 
to the striated appearance ; the same section also shews that the 
globus pallidus as well as the putamen becomes continuous with 
the nucleus caudatus. 

Thus when we speak of the corpus striatum as a whole we 
mean a large mass of grey matter lying lateral to the optic thala- 
mus, reachmg nearly as far back as that body and stretching much 
farther forward, as far fonvard in fact as does the lateral ventricle ; 
but it is important to remember that it is divided into two 
masses ur nuclei, which are fused together and that imperfectly 
at the very front only. These two nuclei are, the one the comma 
shaped nucleus caudatus, the bulk of which is placed forward 
projecting into the lateral ventricle, and which on the whole is 
the more dorsal portion of the whole body, the other the 
irregularly shaped nucleus lenticularis, the bulk of which is 
placed farther back than the lateral ventricle, by the aide of the 
optic thalamus, and which on the whole is the more ventral 
portion of the whole body. It is no less important to remember 
that the radiating fibres, which we call the internal capsule, pass 
in the hinder region of the whole body between the thalamus 
and the nucleus lenticularis, forming the hind limb of the capsule, 
and in the front region between the nucleus caudatus and the 
nucleus lenticulai'is, forming the front hmb of the capsule, the 
&ont and hind limbs being bent on each other so as tu form an 
angle, the so-called knee. 

§ 628, The optic thalamus as a whole is a somewhat oval 
nutss of grey matter, lying as we have said athwart the diverging 
cms, in which it is partly imbedded. Its curved median side 
covered with a thin layer of central grey matter forms the lateral 
wall of the third ventricle (Figs. 119, 120, 125), and in a longi- 
tudinal vertical section of the braiu taken in the line of the middle 
of the third ventricle (Fig. 124. O.T.) is seen occupying the space 
between the fornix and hind end (splenium) of the corpus callosum 
above, and the diverging crus below. Its more or less straight 
lateral border abuts on the internal capsule (Figs. 119, 120, 125). 
Its dorsal surface, as we have already seen, also forms part of the 
wall of the third ventricle and is free; but there lies close above 
it the prolongation of the pia mater, forming the velum inter- 

KBitum with its choroid plexus (6 602), which creeps in over it 
neath tliu projecting hind end of the corpus callosum and 
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Fio. 121. View of Rioht Rm.f of Brain of Mik, an I 

TDDINAL 5KCT10H IN TDK MeDIAH LiHE THBODOa 

(Half natnral iiii^e.) (Shemngton.) 

The hulb, seen in longitadinnl seotion nt B, paasea into the poni P, and into tbe 
(Ttu certbri, which last is cut obliquely across aa it diverges into the hemisphere 
and puRses out oF the seation. A port of the Tentral surface of the crtia is 
shewn in the shsited part miu'ked C. It. At GL the central caiial of tbe spinal 
cord ia seen openioR out into the fimrth ventricle jllh) overhung by tbe cere- 
bellum (biaected in the middle line), and passing on tiy the aqu^diu.-t liiineath the 
poittrioT, Q.P, and anUrinr, Q.A. corpora qvadrigemina into the third ventricle 
(3). The posterior corpus quadrigeminum is continnoua behind with the valvr 
of Vicaiifni, attached to the superior peduncle of the cerebellum, and Been in 
a longitudinal aeotion overhanging the front part of the fourth ventricle. The 
corpora quadrigemina appear relatively small because the section passes in the 
median line in the deprcsGLon between the right and left bodies of the two 
pairs ; and immediately io front of them ia the section of the meaiolly placed 
pineal gliiiid P, which overhangs the opening of the nqiiedilet into the third 
ventricle, and the right arm of which running in tbe lateral wall of the tliird 
ventricle ia shewn b; an unshaded tract. 

Thereof of the third ventricle is seen to be fumiabed by the arch of the /orni'z P, shewn 
nnsliaded in longitudinal aeetion. Posteriorly the body of the fornix pawes 
into the diverffing right poiterior pillar, where F is shaded, and is lost to view 
nnder tbe overhanging rounded hind end or tplenium Sp, of the corpui callotiim. 
In front the body of the fornix is seen passinf; juat behind the transverse section 
of the anterior connnimuTe J, into the diverging right anltrior pillar, /, wliicb 
ia lost to view as it stretches in the lateral wall of tbe ventricle towards the 
coTpm manmillare or atbicant IT. The small white cross immediately behind 
/ indicates the position of ihe/oranien of Monro, Tbe bulging median surfaoe 
ot the optic thatamiu, O. T, ia Been forming tbe lateral wall of tbe binder (and, 
owing to the cranial Qeinre, the more dorsal) part of the third ventricle, and 
on this below the area of tbe pineal glaud ia aeen. nnahaded. Ihc section of 
the toft or middl,' commiuure C. Between the pineal gland (P) and the 
aplenium Sp, ia seen the hind end or pu-lvimtr of the tbalamue projecting into 
the so-calied transverse fissure of the brain, shewn ahaded in the figure, by 
which (he pia muter poasing on beneath tlie posterior part of the cerebrum and 
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^^^H kbove tbc cecpbellum gftins accusi to tlie tlliid veDtdcle, the poBition of the 

^^^H velum beinR abenn by the thin block line slrelchiog from the Bpleoium to (he 

^^^1 fornix. The front {and more ventral) part of tbe third rentricle ia Been to end 

^^^H in the in/uadibulum attached to which ia the pilaUary bodi/ H, seen in section 

^^^H at h. Iq &oat of the infandibulum is seen tbe optii: nerve cut across at the 

^^^1 optic drc\ii4ation OP, stretching from which to the anteriur oommissuie is tbe 

^^m lamina ttmiiuiUi. 

^^^1 Stretching between tbe corpus collosum c.c. (seen in longitudinal section with a 

^^H striated apiiearanco and ending in front at the roafriini R. and behind at tbe 

^^H spleninm Sp.) don-all; and the Tornii ventrally is eeen (unshaded) tbe itpriim 

^^^B liicidum S.L, bnt the greater part of this has been cut away in order to disoloee 

^^^H tbe right lateral ventricle in tbe wall of which ix seen the bulging nuclrut 

^^H eaudalm A'.C. 

^^H Above tbe corpus callosum is seen tbe mesiai surface of the rigbt hemisphere 

^^^H forming tbe right lateral wall of tbe longituiliual tiesure. On this mesial 

^^^H snTlace appears immedialelj above the corpnn callosum tbe arched gym 

^^H fornieatui G.F, defined above by the calloso-marginal Juiiire /.em. The wbole 

^^H of the sarfaoe seen in the frontal region in front of tbe catloHa- marginal fissure, 

^^H though divided by Hssuren, is called tbe margitial eom-olution. In the middle 

^^^P parietal region a block of the cerebral substance has been removed iu oidet to 

^^1 shew tbe position of tbe central future or Jiiture of Rolando, f.c, and 

I immediately below this is seen a part of PA.C, tbe paracentral lobule. In 
the oocipital region FR.C, is the prerutieut or qiuidrale lobule, and C, the 
cuneia, while at G.L ia seen a part of the lingaal lobule. T.i is a part of the 

I in/frier lemporo-occipital convolution, the greater part of which is hidden lo 

^^K view by tbe pons and cnis. 

^^1 the foFDix (Fig. 124). Its ventral surface is fused with the chih; 

^^f indeed tbe tegmental or dorsal portion of the cms may be said 

I to end in it and iu certain structures lying ventral to the 

thalamus, in what is called the "subthalamic region " (Fig. 120), 

■while the fibres of the pes pass first ventral ana then lateral to 

it to form the internal capsule. 

The grey matter of the whole body is more or less distinctly 

divided by sheets of white matter, a» seen both in horizontal and 

^^^ ia vertical sections (Figs. 119, 120, 125), into three pans, which 

^^^ have received the name of nuclei, namely, the viedian or inner 

^^H mtcleun (Fig. 120, in.), which with the thin layer of central grey 

I^P matter forms the side wall of the third ventricle, the larger lateral 

nucleus (In.) which abuts upon the internal capsule, and the small 

anterior nucleus {an.) which lies on the dorsal surface of the &ont 

[tart of the body and which thus at its front end appears to project 

into the lateral ventricle. 

These three nuclei form however not the whole of the optic 
thalamus, but only the larger front portion ; behind them lies the 
important portion called the pulvinar, into which the hind part of 
the median nucleus merges ; thii< is partly imbedded in the crus 
trally and in the hemisphere laterally, and is partly fiee, 
coming to the surface beneath the hind end of the corpus callosum. 
Id a median longitudinal section of the brain (Fig. 124) it is the 
pulvinar which forms the cushion-like (hence the name) end of the 
thalamus beneath the overhanging splenium of the corpus cal- 
losum, by the side of the pineal gland ; and in the horizontal view 
(Fig. 119, Pvr.), in which the hemispheres are supposed to have 
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been removed, the same pulvinar is seen projecting over the cms 
by ihe side of the aaterior corpus quadngeminuin. The buried 
portion of the pulvinar is exp(»ed in a traosvetse section taken 
through the snterior corpus quadrigeminum, Fig. 118: the extreme 
end of this part of the pulvinar (Pvr.) is here seen lying dorsal and 
lateral to the pea of the cms, immediately above two masses of 
grey matter, the corpora geniculata (Cgl. Cgni.), of which we shall 
speak latter on. One of these, the lateral corpus geniculshim 
(C.<j.L), is especially connected with the optic tract (op.), and, as 
we shall see hereafter, the pulvinar itself is also connected with 
the optic tract and is an important pait of the central apparatus 
of vision. 

§ 629. The Bubstantia nigra, the red nucleus and other grey 
matter of the tegmentum. Nerve-cells and groups of nerv-e-cells, 
or areas of grey matter, too small to deserve special names, 
are scattered throughout the tegmentum along its course. But, 
besides these and the nuclei of the third and fourth cranial nerves, 
of which we have already spoken, certain larger collections of grey 
matter deserve attention. A conspicuous mass of grey matter, 
circular in transverse section, placed in the midst of the tegmentum 
on each side but somewhat near the middle line, and stretching 
from the hinder margin of the third ventricle beneath the anteri(w 
corpus quadrigeminum (Figs. 118, 119), is, from the red tint it 
possesses, called the red nucleus, nucleus or locus ruber. It is 
traversed by fibres of the third nerve as these make their way 
ventrally from the nucleus to the surface. 

We must consider also as belonging to the tegmentum a 
large area of grey matter, somewhat lens-shaped in section (Fig. 
118, Sn.), which lies between the pes and tegmentum, sharptj' 
marking o£F the one from the other. From its dark appearance 
duo to the abundance of black pigment it is called the substantia 
nigra or locus niger. It acquires its largest dimensions at about 
the middle of the length of the cms, coming to an end in front 
(Fig. 120, .Sn.) and f^ing away behind (Fig, 117) as the eras 
passes bi^neath the posterior corpora quadrigemina. These two, 
the red nucleus and the substantia nigra, ore perhaps the most 
important collections of grey matter in the tegmentum, but we 
may add that at the front of the cms as the substantia nigra 
comes to an end there is seen in a somewhat similar position 
ventral to the hind part of the optic thalamus a collection of grey 
matter called the corpus subtkalamicum (Fig. 120, C.sb.). 

At the hinder part of the cms, as it is about to plunge into 
the pons, while the pes, now decreasing relatively in size, still con- 
tinues to be ordinaiT white matter composed of longitudinal 
bundles of medullated fibres, the tegmentum takes on more and 
more the structure which in speaking of the bulb we called 
reticular formation, and which, as we saw, deserves to be con- 
sidered as a kind of grey matter, 
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The grey matter of the pons. When the conjoined crura as we 
trace them backward plunge beneath the pons the longitudinal 
fibres of the pes of each cms are, as we have said, soon split up 
into bundles scattered among the transverse fibres belonging to 
the pons itself. Dorsal to this system of transverse and longi- 
tudinal fibres forming the pons proper, between it on the ventral 
surface and the central grey matter with the posterior corpora 
quadrigemiua on the dorsal surface, is a region which may be 
called tegmental since it is a continuation of the tegmentum of 
the cms. In the front part of the pons (Fig. Il7), where the 
posterior corpora quadrigcmina still form the dorsal roof of the 
section, this tegmental area, which is much broken up by certain 
strands of longitudinal fibres of which we shall speak later on, 
contains scattered nerve-cells, and is largely composed of reticular 
formation. In this is placed on each side a group of nerve-cells, 
the locus cteriileita (Fig. 117, Lc), distinct from the group of 
cells referred to in § 621 as the origin of the descending root of 
the fifth nerve (V. d.), just ventral to which it lies. Thia acquires 
larger dimensions farther back, in the front part of the fourth 
ventricle (Fig. 119, i.e.) between the levels represented in Figs. 
116 and 117, and is a collection of large spindle-shaped nerve- 
cells ; it has a bluish tint when its black pigment ia seen shining 
through the surrounding more or less transparent material, heuce 
the name. 

In the hinder parts of the pons (Figs. 115, 116), where the 
cerebellum is seen overhanging the open fourth ventricle, the 
reticular formation of the tegmental area is still more conspicuous. 
The only special collection of grey matter in this region to which 
we need call attention is one which, consisting like the olivary 
body of the bulb (or inferior olive) of a wall of grey matter 
surrounding and surrounded by white matter, ia called the upper 
olive (Figs. 115, 116, jio.). 

The ventral part of the pons, or the pons proper, unlike the pes 
of the crus, contains mixed with the fibres a very considerable 
quantity of grey matter. TIjib is fairly abundant in the &ont part 
of the pons (Fig. 117) below the corpora r^uadrigeniina, but in- 
creases even more behind this (Figs. 115, 116). Hence though the 
pons proper is largely built up of transverse and loogitudina] 
fibres, and though it contains no compact aggregations of grey 
matter receiving special names, it does contain scattered through- 
out it a very large tiuantity of grey matter, far more indeed than 
is present in the tegmental portion ; the grey matter of the pons, 
that is of the pons proper, must be regarded as forming a very 
important part of the grey matter of the crural system, and of 
DO little physiological significauco. 

Behind the pons the crural system is continued into the bulb, 
with the structure of which we have already dealt. 
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4. Other Collections of Grey Matter. 

§ 630. Of these, thi-ce deserve chief attention, and may be 
classed together, though they differ in Dature. 

The grey matter oftlie corpora qvadrigmnina. On each side of 
and somewhat dorsal to the central grey matter of the aijueduct 
which, as we have seen, is well developed, especially on the ventral 
side, collections of grey matter form the chief part of the corpora 
quadrigemina, both anterior aud posterior. 

The grey matter of the anterior corpora quadrigemina (Fig. 
Hfi.A.Q. n.) is more distinctly marked off from, and separated by 
a wider tract of white matter from the central grey matter of the 
a<]ueduct than is that of the posterior corpora quadrigemina (Fig. 

117, vPQ.); it ia moreover of a different nature. Indeed the two 
pairs of bodies have quite different relations, are of different 
nature, and perform different functions. 

Corpora geniculata. The two optic nerves, as we shall see in 
detail later on, give rise, through the optic decussation, to the two 
optic tracts. E^h optic tract (Figs. 112, 118, Op.) winds round 
the cms cerebri on its ventral surface to reach the substance of 
the hemisphere in the region below the optic thalamus, and as it 
does so is described as dividing into a lateral aud median portion. 
The lateral portion just as it sweeps round the far edge, that is 
the outer or lateral edge, of the cms bears a rounded swelling 
(Fig. 112, B and C, U.gl.), the lateral or outer carpus genicu- 
latum, the interior of which consists lai'gely of grey matter (Fig. 

118, Cgl.). The median portion similarly bears another like 
swelling occupying a more median position, the median or inver 
corpus geniculatuvi (Fig. 112, A and B, Cgm.), the iuterior of 
which (Fig. 118, Cgm.) also consists of grey matter. It is to be 
regretted that these two bodies should bear the same name, for 
they are different in their origin, in their connections, and in their 
functions. The lateral body is said to be derived iVom the fore- 
brain, that is from the vesicle of the third ventricle, has definite 
connections with the retinal optic fibres, and is distinctly con- 
cerned in vision ; the median body is derived from the midbrain, 
is not definitely connected with the retinal fibres, and appears to 
be in no way concerned in vision. We shall however return later 
on to the connections and probable functions of these bodies. 

Corpus detitatum of the cerebellum. In the midst of the mass 
of white matter which is formed in the interior of the cerebellum by 
the confluence of the three peduncles, is found (Fig. 115, CD) an 
area of grey matter arranged, like the olivary body of the bulb, as 
a sharply folded or plaited band in the shape of a flask or bowl. 
As in the similar olivary body the grey wall of the flask is 
covered up by and its interior filled up with white matter; 
the mouth of the Hask is, on each side, directed towards the 
median line ; the fibres pass chiefly to the superior peduncle. 
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^^H There are also other collectiuns of grey matter in the central 

^^H white matter of the cerebellum, a pair of which, called the " nuclei 

^^H of the roof," are said to be couiiected with the median division of 

^^M the restiform body (gee § 618). 
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The AiTangement of the Fibres of the Brain. 

§ 631. The systems, tracts and bundles of fibres in which the 
white matter of the brain is arranged, may be distinguished from 
each other, partly through mere meclianical separation by means 
of the scalpel, partly by being traced out with the help of the 
microscope, but, as in the spinal cord, much more fully and 
completely by differences of dc^'elopment, and by the method of 
degeneration. 

We have seen that a marked feature of the brain is presented 
by the two crura cerebri which, running forward from the hind 
parts of the brain, spread out into each cerebral hemisphere. 
We have also seen that the cms in the wide sense of the word 
consists of two parts, a dorsal part, the tegmentum, and a ventral 
part, the pes or cnista, and that these two parts differ very strik- 
ingly from each other in structure and in relations. The pes 
consists exclusively of bundles of longitudinal fibres, and we may 
trace these from the cerebral hemispheres into the pons and some 
of them beyond the pons into the bulb and spinal cord. The teg- 
mentum ia more complex in structure ; it consists of grey matter, 
and of fibres and bundles of fibres having various relations, both 
with the collections of grey matter lying within itself and with 
surrounding stmctures. It too has connections with the partw 
lying in front of it, and with the parts lying behind it ; we may 
trace it too backwards through the pons into the bulb and forwards 
to the optic thalamus. If we allow ourselves to conceive of the 
optic thalamus as constituting the front ending of the tegmentum, 
we may arrange a large part of the brain into two main regions, 
into a tegmental region stretching from the optic thalamus through 
the dorsal portion of the pons to the dorsal portion of the bulb, 
and into a region, which we may call the pedal region, stretching 
fi^im the internal capsule through the ventral portion of the pons 
to the ventral portion of the bulb. 

The fibres of the brain as a whole may be broadly classified 
into longitudinal tracts connecting parts of the brain with suc- 
ceeding parts and into transverse or commissural tracts between 
one lateral half and the other, and into tracts connected with the 
Beveral cranial nerves. Taking the longitudinal fibres first we 
may in accordance with the division just explained into a pedal 
and a tegmental region, consider these as forming on the one 
hand a pedal, and on the other hand a tegmental system. 
F. HI. 68 




The section ia taken at a level more venCtal Ihan aheirn in Fig. 119. The gray 
matter of the cortex and claastrum \g left unBliodud, but that of the corpus 
n and optic thalamus ia shaded. 

OT. optic thslamtiB, abewiDg the median, lateral, and anletlor nuclei. NL. ouoieua 
lenticnlttria, ijiowing the putamen large, aud the inner division of the globue 
pallidua very nmall. NC. nnoleua caudalus. the large head in front of, aud 
the diminiahing tail bohind, Che thalamae. 

a. the knee of the internal capsule. From ' Eye ' to ' Din.' marks the position of 
the pyramidal tract as a whole, and the several lettera indioaty broadly the 
relstire poaitioue of the several oonstitnenta of the tract, named aoeording to 
the movementa with which they are concerned ; thus Eye movements of the 
eyea; Hd. of the head; Tg. of the tongue; nith. of the mouth; Shi. of the 
daonlderj B/t. ot the elbow; Dig. of the hand ; .ltd. of the abdomen; Uip, r>t 
the hip ; Kn. of the knee ; Dig. of the foot. 
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L-c. the roBtrum ol tbe corpus caUoanm, Spl. the splenlam ol the tame, both oat 
iioross horizontal!;. Tbe think dark line iadicateB the bouDdary of the 
cBviLieB of the anterior and desoeuding home of the lateral ventricle and of 
the third ventricle, the two ventricles being laid open into one b; Che removsl 
of the velnm and choroid plexuB &a. The oval ootline in the fote part of this 
cavity indicfllea the fornix. 

Lacernl to the nncleue lenticitloria ia seen id ontUae the claaBtram, the cortex of 
tbp island of Keil and tbe opercnlum or convolntion overlapping the IsUiid 

P IB ingerted to ahew n-hicb is Che hind part of Che section. 



Both systems begin, as we shall see, in the cortex of the 
cerebral hemispheres. We shall have to deal with the topography 
of the cortex later on, but may here say that the first broad 
division of the whole surface of a hemisphere is into four main 
regions: frontal, parietal, occipital and temporal (Figs. 120, 121, 
125). 
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Se. Ne. the caudate nacleus; Pi. tbe patamen and Gp. tbe globns pallidas ol the 
IcnticnUr nucleus: OT. tbe optic thalamuis; CI. the internal oftpBole. with 
a streaked appcArance revealing ftpproximatct; the direction taken by fibre, 
bundles passing into ic from tbe portion of corona radiata over it. In these 
sets of bundles ma; be broadlj difltinguisbed a frontal lystem, /run. a pynuni* 
dal system, P I' (snb-di visible into cranial (eron,), brachial {brae A. ). doiBo- lumbar 
{dari. lam.), and lumbo-sacial (fuin. toe.) parts) and a lemporo-oocipital system, 
iiiu. ; the situation of tbe genu of the internal capsule ia indioaled bv jr. C B 
Che cms cerebri; Oe. ihe so-called optic radiations passing into the occipital lobe: 
n. the splenial end of tbe corpus callomm ; i>, r, v, the lateral ventricle out 
across in three different pUces : F. Che fornix in cross - section ; Op. the opUe 
tract in c rasa -section. Part of Che cerebellnm is seen in outline to the right. 
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SsiL rji, tb* anlarlor cominiHare, shmded to tender it diMinct, uid the fibres 
bmn Uw tonporo-ipbcDoidAl lobe which pw« into it being indicated b; broken 
Udh. Op. th* optic tract : ltd. tbe end of the descending horn of the Uienl 
— itricU I F. the fomli ; f". the end of the anterior pillar of the fomii in the 
wol (ba lb»l*n)iia; e.e. corpu* csllOBum: OP. anterior part of the occipital 

/.«. to tba oanlr*! fUiar* or liiHQr« of BoUndo. The conrae of the fibres of the 
pjnmidAl tract coiiD0«t«d respeetiveiy with the trunk, let; and arm. and hence 
with ipiiul .... . . . 1 . 

snalai urv . 

tlw Inttnwl mtpsula C.I. 

ftbn* bt oomparfd with lh« horizontal 

MglttAl HgUTC *howu in FiK. 136. 



S, indioates the course of tha 

occipital tract. 
Tbe fine dotted lines coDvergiog tt> the corpus caili 

the callosal llbrea. 
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nnti-rior And dorsal pari ol the teraporo- 
indicate the course of 



Lonffitudinal Fibres of the Pedal System. 

§ 632. The pyramidal tract. We have already (§ 575) said 
that the pyramidal tract of the spinal cord may be traced to a 
particular region of the cerebral cortex. We shall study the 
details of this region, which is often spoken of as the " motor area," 
later on, but may here say that broadly speaking it is parietal in 
position and corresponds to the parts of the cortex gathered round 
the iiasure of Rolando. Fibres passing from the grey matter of 
the cortex of this region to the white matter below, and so con- 
tributing their share to the central white matter of the hemisphere, 
converge (Figs. 126, 127) to form part of the internal capsule, 
namely that part which in a horizontal section (Fig. 125, Eye to 
Dig.) occupies the knee and stretches for more than half, or nearly 
two-thirds, along the hind limb of the capsule, between the optic 
thalamus on the inside and the nucleus lenticuiaris on the outside. 
From the knee and hind limb of the capsule they pass by the 
side of and ventral to the optic thalamus (Figs. 120, 127), and 
so contribute to form the begmning of the crus cerebri.' In thus 
convei^ng to take up their position in the capsule and in their 
further passage to the cms the fibres follow a course of somewhat 
complicated curvature. As we trace the capsule from more dorsal 
to more ventral levels, we find it continually changing in form ; 
the exact shape of the capsule shewn in Fig. 125 only holds good 
for the level at which the section was taken ; it differs somewhat 
from that shewn in Fig. 1 19 taken at a slightly different level, and 
sections still more dorsal or still more ventral would present still 
greater differences. When we examine a series of horizontal sec- 
tions, taken in succession from the dorsal to the veutral regions, 
we find that the knee shifts its position and changes in the width 
of its angle, that the two limbs vary in direction in size and in 
shape, and that at last the bent flattened capsule passes into the 
more or less rounded crus by the rapid disappearance of the 
fore limb, and the consequent extinction of the angle ; so that in 
one sense it is the hind limb which becomes the crus, and the 
fibres of the fore limb may be said to pass into the eras through 
the ventral portion of the hind limb. Hence it is obvious that 
the fibres of the pyramidal tract, like the other fibres of the 
capsule, are continually changing their direction as they pass 
through the capsule. Moreover while the fibres from different 
parts of the ' motor area ' assume definite positions in relation to 
each other as they pass into the capsule, their relative positions 
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are not constant, but vary somewhat. To this point however we 
shall return when we come to speak of the function of this tract. 

In the eniB these fibres run exclusively in the pes and form a 
compact strand (Fig. 118, Py) occupying the central and larger 
portion of the pes between a small median portion on the inside 
and a lateral portion on the outside. Maintaining this position 
along the crus they enter the pons, but here the previously com- 
pact strand is split up, by the interlacing transverse fibres of the 
pons, into a number of scattered bundles, which however as a 
whole still keep their ceutral position. They form the greater 
part of but not all the bundles seen cut transversely in transverse 
sections of the pons (Figs. 116, 117). Farther backwards they 
become the pyramid of the bulb, and so give rise in the spinal cord 
to the direct and crossed pyramidal tracts. These fibres from the 
motor area of the cortex of the cerebrum are thus the source of the 
pyramidal tracts of the spinal cord, and hence the whole strand of 
fibres from the cortex downwards has been called the pyramidal 
tract. We have said (§ 575) that we have reasons for thinking 
that the pjTamidal tract in the spinal cord makes connections 
through the grey matter of the ventral horn with the ventral roots 
of all the spinal nerves in succession ; and similarly we have reason 
to think that along its course -in the crus, in the pons, and in the 
bulb, before it reaches the cord, the tract also makes connections 
with the nuclei of those cranial nerves which are motor in function. 
During the passage of the tract through the internal capsule the 
fibres destined for cranial nuclei occupy the knee, while those 
belonging to the spinal cord mn in the hind limb. Some authors 
limit the term pyramidal tract to the spinal moiety, since this 
alone forms the pyramid ; but this is undesirable. 

This tract is well marked out by the degeneration method, 
and the degeneration in it is a descending one, the trophic centres 
of the fibres being cells in the crey matter of the cortex. Removal 
of or injury to the cortex of tue whole motor area gives rise to a 
degeneration along the whole tract, and removal of or injury to 
part of the area gives rise to degeneration of some of the strands. 
The tract is also well marked out by the embryological method; 
the fibres belonging to it acquire their medulla at times later than 
those of any other fibres. 

Anterior or frontal cortical. Fibres from the grey matter 
of the cortex in front of the motor area also pass to the internal 
capsule, but occupy the fore limb (Fig. 126, _/ron). Thence they 
pass to the cms, of which they form the small inner, median 
portion of the pes (Fig. 118, Fr.), and from the crus pass into the 
pons; in transverse sections of the pons they are seen as scattered 
bimdles (Fig, 117, F.C.) to the median side of the pyi-amidal fibres. 
But here they seem to end ; the degeneration of the tract ie a 
descending one, and ceases here. Most probably the fibres end in 
the nerve-cells of the grey matter, which, as we have seen, is 
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abundanb in the pons. It is also probable that through these 
nerve-cells the fibres of this tract are connected with transveree 
fibres passing along the middle cerebellar peduncle into the cere- 
bellum of the opposite side ; but this has not been definitely 
proved. 

Poaterior or tempoi'o-occipital cortical. Fibres from the grey 
matter of parts of the cortex behind the motor area also converge 
to the internal capsule, forming the hinder end of the hind limb 
behind the pyramidal tract (Fig. 125, 5). These fibres also con- 
tribute to form the cms cerebri, passing into the pes, of which 
they occupy the outer lateral portion (Fig, 118, Pr. v.). From the 
cms they pass into the pons, where, like the fibres of the pre- 
ceding tract, they appear to end, and probably in a like manner. 
This tract has been described as one of ascending degeneration, 
but in all probability like the preceding is one of descending 
degeneration. 

The above three tracts of fibies may therefore all be regarded 
as starting from or having their trophic centres in the cortical 
grey matter of the hemispheres, as all helping to form, first the 
internal capsule and then the pes of the cms cerebri. But while 
the pyramidal tract passes, in part, to the spinal cord, the other 
two cease at the pons, and probably through the grey matter of 
the pons make connections with the cerebellutn. Further, while 
the pyramidal tract coming from the middle region of the cortex 
occupies a middle position in the capsule and a middle position 
in the crus, the system from the front part of the cortex occupies 
a front position in the capsule and an inner or median position 
in the crus, and the system from the hind part of the cortex a 
bind position in the capsule and au outer or lateral position in 
the eras. As the three systems pass from the cortex through the 
capsule to form the pes of the crus, their positions in relation to 
each other are shifted from one plane into another. As the fibres 
spread out from the pes through the capsule to all parts of the 
cortex, or, put in another way, as they converge from the cortex 
through the capsule to the pes, they form a fan, the corona radiata. 
which is not only curved, but the constituent parts of which cross 
each other. 

Besides these three systems all passing from various regions of 
the cortex to the crus, there is yet a fourth strand contributed to 
the pes by the cerebral hemisphere though not starting in the 
cortex. From the nucleus aiudatus fibres pass down to the crus, 
and take up a position in the pes dorsal to the tracts just men- 
tioned, occupying a lens-shapea area immediately ventral to the 
substantia nigra, and probably passing into the substantia nigra 
itself. These cannot be tracM farther down than the pons, where 
they appear to end. though possibly some terminate higher up 
in the substantia nigra. This tract has a descending degene- 
ration, and may be regarded as a tract analogous to the front and 
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hind cortical tracts, though it begins not in the cortex but in 
the nucleus caudatus ; it is not however a very pure tract, many 
hbres of the pjTamidal tract passing into it in the pes. 

These are the main tracts of the pedal system. For. though 
the nucleus lenticulai'is gives off fibres to the internal capsule, 
our knowledge of the farther course of these is at present 
imperfect, and though there seem to be longitudinal fibres 
connecting the bulb, the pons, and the pea at various levels, 
these are not numerous, and at all events do not form con- 
spicuous strands. 



Longitudinal Fibi'es of the Tegmental Systen 



§ 633. Cortical fibres. Although the fibres of the pedal 
system fonn, as we have seen, the greater pai-t of, they do not 
form the whole of, the internal capsule. Fibres coming from or 
going to all or nearly all parts of the cortex, though they help t(j 
form the internal capsule, do not go on to form the pes, but pass 
to the optic thalamus (Fig. 120, l.l.) and appear to end in the 
grey matter of that body. In their passage through the capsule 
the fibres of this nature from the frontal and parietal regions of 
the cortex occupy the extreme front end of the fi-ont limb in front 
of the frontal strand of the fibres of the pedal system (Fig. 125, 
Th.). The fibres from the occipital and temporal regions, those 
from the occipital regions being the most numerous and indeed 
being very conspicuous, occupy the extreme hind end of the hind 
limb of the capsule, behind the temporo-occipital division of the 
pedal system (Fig. 125, Op.\ Since, as we shall see, we have 
reason to associate the occipital region of the cortex with vision, 
the fibres thus radiating to (or from) the thalamus through the 
extreme hind limb of the capsule from (or to) the occipital 
cortex have been called the optic radiations. 

All the fibres of the optic radiations do not however end in 
the thalamus ; some may be traced to the grey matter of the 
anterior corpus quadrigeminum and of the lateral corpus genicu- 
latum running in the so-called ' brachia ' of those bodies. 

We may here perhaps diverge for a moment to point out the 
contrast between the optic thalamus and the corpus striatum, 
or at least the nucleus caudatus. The former does not contribute 
to the pedal system, the latter supplies a marked contribution. 
The former receives fibres from all parts of the cortex ; there are 
no such special contributions fitim the cortex to the latter. And 
this difference accords with the experience that when parts of 
the cortex are removed, or are oongenitally absent, no degenera- 
tion or want of development is observed in the corpus striatum, 
while degeneration or want of development is observed in the 
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optic thalamus as well as in parts of the pedal and tegmental 
s^'Btetns. Hence, while we may regard the optic thalamus as an 
intermediate mass of grey matter exchanging fibres with the 
cortex, and thus connecting the cortex with other hinder parte of 
the tegmental system, the corpus striatum appeai-s rather to be 
analogous to the cortex it.setf, to be a special modification of the 
cortex, sending fibres down into the pedal system, but itself 
receiving no special tracts of fibres from the cortex. Indeed we 
may probably regard the corpus striatum as the oldest part of the 
superficial grey matter of the hemisphere, the more ordinary 
cortex btsing a later development. 

The tegmentum, lyiug ventral to the hind end of, and behind 
the thalamus, in which region, as we have seen, the conspicuous 
red nucleus is situated, is thus, by reason of its connection with 
the thalamus, indirectly connected with the cortex. But besides 
this, it has direct connections of its own with the cortex. Other 
fibres from the frental and parietal regions traversing the lenti- 
cular nucleus in the sheets of white matter splitting the nucleus 
into parts, are also said to reach the tegmentum either by piercing 
through or by sweeping round the internal capsule. On their 
path these fibres are, according to some observers, joined by fibres 
coming from the lenticular nucleus itself, and possibly from the 
caudate nucleus, which fibres, on the view that these nuclei are 
modified cortex, may also be considered as cortical. Thus the 
forepart of the tegmental region is brought into ample connection 
with the cerebral hemisphere partly by fibres joining the thala- 
mus, partly by fibres passing directly to itself. 

The mode of degeneration of these cortical fibres of the 
tegmental system is at present a matter of dispute. Nor is the 
general nature of the fibres conclusively determined, though it is 
generally supposed that they carry impulses from the thalamus 
and parts of the tegmentum to the cortex. 

§ 634. In the tegmentum from the subthalamic region to 
the bulb the reticular formation is, as we have seen, more or less 
abundant; this, and the occurrence of various bundles of fibres, 
gives the region great complexity ; and we must confine ourselves 
here to touching on one or two important longitudinal strands 
which traverse it. 

The mpertor peduncle of tlie cerebellum is one of the most 
important of these. This is on each side a bundle of fibres which, 
talcing origin in part from the grey matter of the nucleus dentatus, 
and the smaller neighbouring collections of grey matter, but 
also from the superficial grey matter, leaves the cerebellum in 
front of, and to the median side of the restiform body and passes 
forward towards the corpora quadrigemina. At first the two 
peduncles are superficial and dorsal in position (Figs. 115, 116, 
S.P.) and the space between them is bridged over by the valve of 
Vieussens (Fig. 116, Via); but, still converging, they soon sink 
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ventrally beneath the posterior corpora quadrigemina and at the 
level of the junction between the anterior and posterior corpora 
quadrigemina meet and decussate ventral to those bodiea in the 
ventral region of the tegmentum (Fig. 117, S.P.). Beyond the 
decussation they are continued forwards in the tegmentum ventral 
to the anterior corpora quadrigemina as two strands, one on each 
side, which appear to end in the red nuclei. 

In this way the peduncles connect certain parts of the grey 
matter of the cerebellum with the tegmental region, and more 
particularly with the red nucleus, and thus indirectly with the 
structures with which that region is itself connected. 

The fillet. This, as we have seen {§ 612), takes origin in the 
bulb, in the interolivaiy layer between the inferior olives, from 
fibres which are derived thi'ough the snpra-pjTamidal or sensory 
decussation from the gracile and cuneate nuclei. From this 
origin it passes forward on each side as a flat band into the 
tegmental region of the pons, receiving accessions from the superior 
olive and other collections of grey matter, and dividing there into 
two strands, the median (Figa. 116, 117, Fm.) and lateral (Figs. 
116, 117, Fl. and Fig. 112, E F) fillet. The lateral division, which 
receives fibres from the cochlear nucleus, and which as we shall 
see later on serves apparently as a path for auditory impulses, ends 
partly in the grey matter of the posterior corpus quadrigeniinum, 
and partly in the white matter underlying (Fig. 118, dtn) the 
anterior corpus quadrigeminum. The median division, into which 
pass sensory fibres fi-om the ace essory-vago -glossopharyngeal 
nucleus, and from the cells belonging to the 'ascending' root of 
the fifth nerve, and which eeem.s to be a special path for sensory 
impulses, appears partly to end in the grey matter of the an- 
terior corpus quadrigeminum, but chiefly to be continued on to 
the subthalamic region of the tegmentum ventral to the thalamus 
and to end largely in the thalamus itself. It has been stated that 
some of the fibres pass on beyond the thalamus to end in the 
cerebral cortex ; but it is doubtAil whether more than a few thus 
pass. It is probable that impulses passing along the fillet do reach 
the corte.Y, but it is also probable that these undergo a relay in the 
cells of the thalamus or elsewhere. 

The longiUidinal posterior bundles. In a transverse section 
through the fore part of the [wns at the level of the posterior 
corpora quadrigemina a rather conspicuous bundle of longitudinal 
fibres (called the longitudinal posterior bundle) is seen on each 
side, cut transversely, in the dorsal region of the tegmentum just 
ventral to the nucleus of the fourth nerve (Fig. 117, 1.). Traced 
backwaixl from the aqueduct beneath the fourth ventricle, it 
becomes less conspicuous (Fig, 116, I.) though maintaining its 
position dorsal to the reticular formation, and at the hind end 
of the bulb appears to be a continuation forwards of those fibrei^, 
" ground fibres," of the ventral column of the cord which probably 
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^^^B serve as successive ^hort longitudinal commissures between the 

^^^1 segments of the cord. While the somewhat analogous fillet nius 

^^^K ventral to the reticular formation, this posterior longitudinal 

^^^K bundle runs always dorsal to that structure. It may be traced 

^^^P forward as far as the nucleus of the third nerve, and is seen in 

^^H transverse sections lying immediately ventral to that group of ceils 

I (^'S- ^^**' ^-^ ^ considerable portion of the fibres of the longi- 

tudinal posterior bundle arise from a nucleus lying a little anterior 

and dorsal to the nucleus of the third nerve ; these are descending 

fibres, degenerating, when they are divided, below the level of the 

section. Other fibres, also descending, probably arise from the 

frey matter behind the above nucleus. The bundle also receives 
bres spoken of as ascending fibres, from cells of the reticulate 
formation and of the various sensory nuclei of the spinal bulb, 
especially it is said from the nucleus of the vestibular nerve ; and 
some of the fibres are said to come from the grey matter of the 
anterior corpus quadrigeminum. The fibres of the bundle, by their 
terminals or collaterals, form synapses with the cells of the nuclei 
of the oculo-motor and probably of the other motor cranial nerves ; 
they thus afford a mechanism for bringing afierent and efferent 
fibres into direct connection. The bundle is relatively more 
prominent in the lower than in the higher animals, and its fibres 
acquire their medulla relatively early. 

Tracts from, the corpora quadrigemina. From each corpus 
quadrigeminum there passes obliquely forwards and downwards on 
each side n band of fibres, connected with the grey matter of the 
corpus and known as its bra^hium. The anterior brachium (Fig. 
118, Sa), as we shall see in dealing with the optic nerve, joins the 
lateral corpus geniculatum and helps to form the optic tract, but 
some of its deeper lying fibres proceed to the occipital cortes 
forming part of the fibres which we have (§ 633) described as 
passing from the occipital cortex to and past the thalamus. The 
posterior brachium passes to the median corpus geniculatum; 
naving received fibres from, and probably given fibres up to that 
body, it is continued on to the tegmentum, and according to some 
authors through the tegmentum by the hind part of the hind 
iimb of the internal capsule to the temporal region of the cortex, 
mingling in its course with fibres from tne thalamus. 

Transverse or so-called Commissural Fibres. 

§ 636. The two chief masses are those on the one hand 
belonging to the cerebrum, and those on the other hand belonging 
to the cerebellum. 

In the cerebrum the most imposing mass of transverse fibres 
fcvms the corpus callosum. Starting from the cortex in nearly all 
parts of the hemisphere, the fibres, which are largely if not wholly 
collaterals of axons descending from cells in the cortex, converge 
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towards the thick body of the corpus callosum placed in the 
middle liDe, and thence diverge to nearly all parts of the cortex of 
the hemisphere on the other side, interlacing in their course with 
the cortical fibres of the pedal and tegmental systems. By means 
of these fibres parte of the cortex of one hemisphere are brought 
into connection with parts of the cortex of the other hemisphere. 

Besides these callosal fibres from one hemisphere to another, 
the white matter of each hemisphere contains fibres called " asso- 
ciation fibres," passing from one convolution to another of the 
same hemisphere. 

The small anterior white commissure though it is placed in the 
front part of the third ventricle (Fig. 124, A) and, m part of its 
course, lies along the thalamus (Fig. 121, Co) is really a com- 
missure of particular parts of the cerebral hemisphereg. A 
portion, very small in man, belongs to the olfactory tract; the 
rest takes origin on each side in a limited portion of the cortex 
(Fig. 120, Ca), which we shall later on speak of as the temporo- 
sphenoidal convolution and in which callosal fibres are deficient, 
whence it ai-chea forward through the globus pallidus, past the 
thalamus (Figs, 127, ca, 121, Ga) to the fi-ont part of the third 
ventricle. It may be remarked that this commissure is particularly 
large in animals specially endowed with the sense of smell, and 
is still found in those lower animals which do not possess an 
obvious corpus callosum. 

The small posterior commissure may be regarded as mainly a 
commissure between the two thalami, but it also helps to unite 
the tegmentum of the two sides, and some fibres are said to pass 
on each side into the hemisphere. The middle or soft commissure 
of the third ventricle (Fig. 119, c), though it contains transverse 
fibres, is in the main a collection of gi'ey matter, indeed a part of 
the central grey matter. 

The formx. together with, at all events, part of the septum 
lucidum which joins it with the corpus callosum, must also be 
regarded as a commissural structure. But its relations are 
peculiar; for while, behind, the diverging posterior pillars begin in 
the cerebral hemispheres, namely, in the walls of the descending 
horn, comu ammonis, of the lateral ventricle on each side, in front 
the anterior pillars or columns, leaving the cerebral heuiispheres, 
pass along the lateral walls of the third ventricle (Fig. 124, y), 
and may be traced to the corpoi-a albicantia ; from thence they 
are said to pass, decussating, to the tegmentum. From each corpus 
albicans the bundle of fibres known as Vicq d'Azyr's bundle 
(Fig. 120, Vb) passes to the tegmentum, running in the lateral 
waU of the third ventricle. The fibres of the fomix are stated to 
be the axons of celht in the comu ammonis, while those of 
Vicq d'Azyr's bundle are axons of cells in the corpus albicans. 

In the cei-ebellum transverse though not true commissural 
fibres are supplied by the middle peduncles. In contrast to the 
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fibres of the superior peduncle which start from the aucleus 
denlatu8, and other iBtemal grey matter, as well as from the 
superficial grey matter, and to those of the inferior peduncle which 
start from or eud in chiefly the superficial grey matter of the vermis, 
the fibres of the middle peduncle appear to start exclusively from 
the superficial grey matter but from that of the whole surface, from 
that of the median vermis as well as from that of the lateral 
hemispheres; they thus form the greater part of the central white 
matter. Sweeping down into the pons, they form the transverse 
fibres of that body, interlacing with the longitudinal fibres of the 
pedal system. They cross from one side of the cerebellum to the 
opposite side of the pons, and end in the grey matter there so 
abundant. They do not pass into the opposite peduncle and so to 
the surface of the opposite cerebellar hemisphere. Hence, as we 
have said, though transverse fibres, they are not true commissural 
fibres; the few truly commissural fibres of the cerebellum are to 
be found in the white matter of the vermis. 

Some, indeed the majority, of these fibres of the middle 
peduncle are axons of cells (of which we shall speak later on) in 
the superficial grey matter of the cerebellum and end in connec- 
tion with the cells of the grey matter of the pons; others are 
axons of cells of the grey matter of the pons and end in the 
superficial grey matter of the cerebellum. The former probably 
carry impulses from the cerebellum to the pons, the tatter from 
the pons to the cerebellum ; in both cases the impulses cross from 
one side to the other. The fibres of the pedal system either by 
terminals or collaterals connected with the same grey matter of 
the pons, but on the same side. Thus through the intervention 
of the grey matter of the pons a connection ia supplied between 
R cerebral hemisphere and the crossed hemisphere of the cere- 
bellum. 

It is further supposed that other fibres of the middle peduncle 
reaching the pons do not cross the median line, but keeping to 
the same side and changing their direction, take a longitudinal 
upward course either with or without the intervention of nerve- 
cells, and so make their way to the tegmentum. But this is not 
certain. 

We must also consider as commissural structures the numerous 
fibres crossing, or serving to form the median raphe in the bulb. 
This raphe, with similar commissural fibres, is present in the teg- 
mental portion of the pons, and indeed in the tegmentum itself. 

Fibres also cross from one side to the other in connection with 
the cranial nerves, but these as well as all the tracts specially 
^^^ connected with the cranial nerves, including the olfactory and 
^^K optic nerves, had better be considered by tnemselves. 
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§ 636. It may perhaps appear from the foregoing that the 
braiQ conaista of a number of isolated masses nf grey matter, some 
large, some small, connected togetliei' by a multitude of ties of 
white matter arranged in perplexing intricacy ; and the addition 
of numerous collections of grey matter and strands of white matter 
of which we have made no mentioD would still further increase the 
perplexity. Nevertheless a systematic atrangemeut may be recog- 
nized, at least to a certain extent. 

The least conspicuous, but perhaps in point of origin the oldest 
part of the brain, seems to be what we have called the centra! grey 
matter. This seems to serve chiefly as a bed for the development 
of the nuclei of the cranial nerves. 

Next to the central grey matter and more or less associated 
with it comes what we have called the tegmental region, of which 
the reticular formation, coming into prominence in the bulb and 
continued on to the subthalamic region, forms as it were the core. 
Belonging to the tegmental system are numerous masses of grey 
matter from the conspicuous optic thalamus and the red nucleus 
in front to the several nuclei of the bulb behind. This complex 
tegmental system, which may perhaps be regarded as a more or 
less continuous column of grey matter, comparable to the grey 
matter of the spinal cord, serves as a sort of backbone to the rest 
of the central nen'ous system. With the spinal cord it is con- 
nected by various ties, besides being as it were a continuation of 
the spinal grey matter, and around it are built up the great 
mass of the cerebrum, and the smaller but still large mass of the 
cerebellum ; the less important corpora qnadrigemina we may for 
simplicity's sake neglect. 

At the hind end we find various parts of the spinal cord 
becoming connected with this tegmental system, either passing 
into it and becoming, as far as our present knowledge goes, lost in 
it, or supplying strands or fibres which passing into it become 
through it connected with other parts. Thus the ventral column 
of the cord exclusive of the direct pyramidal tract, the lateral 
column exclusive of the crossed pyramidal and cerebellar tracts 
(and the a ntero- lateral ascending tract), together with part of the 
dorsal column appear to join the tegmental system, while part of 
ihe dorsal column, afier the relay of the gracile and cnneate 
nuclei, passes through the system as the fillet destined for various 
structures. 

At the front end we find all parts of the cerebral cortex 
(though some regions, namely, the temporo-occipital, to a greater 
extent than others) connected with the thalamus and other ports 
of the tegmental system ; and, as we have seen, the corpus 
striatum may possibly possess like connections. 
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The relations uf the cerebellum to this system are notable, 
[On the one hand the cerebellum is directly connected with 
I the eystem, partly by fibres which pass from the bulb to join 
J the restiform body or inferior peduncle, and partly by the 
I Buperior peduncles which, as we have seen, are in a measure lost 
in the tegmentum. On the other hand the cerebellum forma 
around the tegmental system a great junction between the spinal 
cord and the cerebrum. To the spinal cord it is joined in a 
direct manner by the cerebellar tract and by the ante ro- lateral 
ascending tract, and in an indirect manner by the relay of the 
gracile and cuneate nuclei. To all parts of the cerebral cortex, 
it appears to be joined by those conspicuous strands of the pedal 
system, which, as we have seen, end m the pons, and there make 
connections with the fibres of the middle peduncle. And we may 
here perhaps remark that while this connection between the 
cerebrum and cerebellum is wholly a crossed one, each cerebral 
hemisphere being joined with the opposite half of the cerebellum, 
ihe connections between the spinal cord and the cerebellum are 
largely uncrossed ones, that by the cerebellar tract being wholly 
uncrossed, and that with the posterior column by the relay of the 
. gracile and cuneate nuclei bemg in part uncrossed. 
I Thus the cerebral cortex has a double hold, so to speak, on the 
rest of the central nervous system, fii-st through the tegmental 
system, and secondly through the cerebellar junction. But in 
addition to this there is another tie between the cerebral cortex 
and the whole length of the cerebro-spinal axis, or at least between 
it and the whole series of motor mechanisms in succession from 
the nucleus of the third nerve to the nucleus, if we may so call 
it, of the ventral root of the coccygeal nerve, namely, the great 
pyramidal tract, which thus appears (in mammals) as a something 
superadded to all the rest of the central nervous system. 

When the cerebral hemispheres are removed this pyramidal 

tract falls away, as does also the pedal system leading from the 

cerebrum to the pons, but there still remains the tegmental system 

r-with its cerebellar and other adjuncts, and this, as we shall see, 

I mnstitutes a nervous machineiy, capable of carrying out exceed- 

]g]y complicated acts. 




SEC- 4. ON THE PHENOMENA EXHIBITED BY AN 
ANIMAL DEPRIVED OF ITS CEREBRAL HEMISPHERE 



§ 637. The cerebral hemispheres, as we have more than onca 
insisted, seem to stand apart from the rest of the brain. In the 
case of some animals it is possible to remove the cerebral hemt> 
spheres and to keep the animal not only alive, but in good health 
for a long time, days, weeks, or even months after the operation. 
In such case we are able to study the behaviour of an animal 
possessing no cerebral hemispheres and to compare it with that of 
an intact animal. Such an experiment is most readily carried 
out on a frog. In this animal it is comparatively easy to remove 
the cerebral hemispheres, including the parts corresponding to 
the corpora striata, leaving behind intact and uninjured the optia 
thalami with the optic nerves, the optic lobes (or representatives 
of the corpora quadrigeniina), the small cerebellum and the bulb. 
If the animal be carefully fed and attended to, it may he kept 
alive for a very long time, for more than a year for instance. 

The salient fact about a frog lacking the cerebral hemispheres, 
is that, as in the case of a frog deprived of its whole brain, the 
signs of the working of an intelligent volition seem to be, at first 
at least, wholly absent. The presence of the bulb and the middle 
parts of the brain (for so we may conveniently call the cerebral 
stnictures lying between the cerebral hemispheres and the bulb) 
ensures the healthy action of the vascular, respiratory and other 
nutritive systems ; food placed in the mouth is readily and easily 
swallowed; the animal when stimulated executes various move- 
ments; but if it be left entirely to itself, and care be taken to 
shield it from adventitious stimuli, either it remains perfectly and 
permanently quiescent, or the apparently spontaneous movements 
which it carries out are so few and so limited as to make it verj" 
doubtful whether they can fairly be called volitional. Such a tiog, 
for instance, after being kept alive for some time and made to 
exhibit the phenomena of which we are about to speak, has been 
placed on a table with a line drawn in chalk around the area 
covered by its body, and left to itself has subsequently been found 
dead without having stirred outside the chalked Hne. 
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We must here however repeat the caution laid down in § 582, 
aa to the ultimate effects of an operation on the central nervous 
system. The longer the frog is kept alive and in good health 
after the removal of the cereoral hemispheres, the greater is the 
tendency for varied and apparently spontaneous movements to 
shew themselves. For days or even weeks after the operation 
there may be no signs whatever of the working of any volition ; 
but after the lapse of months, movements, previously absent, of 
such a character as to suggest that they ought to be called 
voluntary, may make their appearance. These become especially 
marked, if the animal, well fetf and well cared for, instead of being 
kept amid the artificial conditions of a laboratory, is placed in 
circumstances as natural as possible and thus subjected to the 
various influences which determine the usual life of a frog. If 
for instance it have free access to land and water it will move 
from the land to the water and back again ; at the approach 
of winter it will bury itself for hybernation and on the return 
"f spring will come forth again ; and in some instances it has been 
seen to spring at and catch flies brought into its neighbourhood. 
We shall return to the consideration of these actions a little later 
on ; meanwhile we want to call attention to certain features of the 
behaviour of a frog devoid of its cerebral hemispheres, features 
which may be seen in all cases even when all spontaneous move- 
ments are wholly absent, and which may be witnessed almost 
immediately after the operation of removal. 

§ 638. We have seen that a frog from which the whole brain 
has been removed and the spinal coni alone left appears similarly 
devoid of a ' will ' ; but the phenomena presented by a frog 
possessing the middle portions of the brain differ widely from 
those presented by a frog possessing a spinal cord only. We may 
perhaps broadly describe the behaviour of a frog from which the 
cerebral hemispheres only have been removed, by saying that such 
an animal, though exhibiting no spontaneous movements, can bv 
the application of appropriate stimuli be induced to perform all 
or nearly all the movements which an entire frog is capable of 
executing. It can be made to swim, to leap, and to crawl. Left 
to itself, it assumes what may be called the natural posture of a 
frog, with the fore limbs erect, and the hind limbs flexed, so that 
the line of the body makes an angle with the surface on which it 
is resting. When placed on its back, it immediately regains this 
natural posture. When placed on a board, it does not fall from 
the board when the latter is tilted up so as to displace the 
animal's centre of gravity : it crawls up the board until it gains 
a new position in which its centre of gravity is restored to its 
proper place. Its movements are exactly those of an entire frog 
except that they need an external stimulus to call them forth. 
They differ moreover fundamentally from those of an entire frog 
I the following important feature ; they inevitably follow when 
F. m. 69 
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the etimalufi is applied ; they come to an end when the stimi 
cdtece to act. B}' continually varying the inclination of a be 
on which it is placed, the frog may be made to continue crawl 
almost indefinitely, but directly the board is made to assume 
SBch a position that the body of the frog is in equilibrium, the 
crawling oeaaes; and if the position be not disturbed the animal 
will remain impassive and quiet for an almost indefimte time. 
When thrown into water, the creature begins at once to swim 
about in the most regular manner, and will continue to swim 
ontil it is exhausted, if there be nothing pri?sent on which it can 
come to rest If a small piece of wood be placed on the water 
the frog will, when it comes in contact with the wood, crawl upon 
it, and so come to rest. If disturl>ed from its natural posture, as 
by being placed on its back, it immediately struggles to regain 
that pc^ure; only by the application of continued force can it 
be kept lying on its back. Such a frog, if its flanks be gently 
stroked, will croak ; and the croaks follow so regularly and surely 
npon the strokes that the animal may almost be played upon like 
a musical, or at least an acoustic instrument. Moreover, provided 
that the optic nerves and their arrangements have not been 
injured by the operation, the movements of the animal appear to 
be influenced by light ; if it be urged to move in any particular 
direction, it seems in its progiess to avoid obstacles, at least such 
as cast a strong shadow ; it turns its course to the right or left 
or sometimes leaps over the obstacle. In fact, even to a careful 
observer the differences between such a frog and an entire frog 
which was simply very stupid or very inert, would appear slight 
and unimportant except in this, that the animal without its 
cerebral hemispheres is obedient to every stimulus, and that each 
stimulus evokes an appropriate movement, whereas with the entire 
animal it is impossible to predict whether any result at all, and if 
ao what result, wil! follow the application of this or that stimulus. 
Both may be regarded as machines ; but the one is a machine and 
nothing more, the other is a machine governed and checked by a 
dominant volition. 

Now such movements as crawling, leaping, swimming, and 
indeed, as we have already urged, to a greater or less extent, 
all bodily movements, are carried out by meana of coordinate 
nervous motor impulses, influenced, arrauged, and governed by 
coincident sensory or afferent impulses. Muscular movements 
are determined by afferent influences proceeding from the muscles 
and constituting the foundation of the muscular sense ; they are 
also directed by means of afferent impulses passing centripetally 
along the sensory nerves of the skin, the eye, the ear, and otber 
organs. Independently of the particular afferent impulses, which 
acting as a stimulus call forth the movement, very many other 
afferent impulses are coucemed in the generation aud coordination 
of the resultant motor impulses. Every bodily movement such 
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as those of which we are speaking is the work of a more or less 
complicated nervous mechanism, in which there are not only 
central and efferent, but also afferent factors. And, putting aside 
the cjuestion of consciousness, with which we have here no occasion 
to deal, it is evident that in the frog deprived of its cerebral 
hemispheres all these factors are present, the afferent no less than 
the central and the efferent. The machinery for all the necessary 
and usual bodily movements is present in all its completeness. 
We may regard the share therefore which the cerebral hemispheres 
take in executing the movements of which the entire animal is 
capable, as that of putting Ibis machinery into action or of 
limiting its previous activity. The relation which the higher 
nervous changes concerned in volition bear to this machinery' 
may be compared to that of a stimulus, always bearing in mind 
that the effect of a stimulus on a nervous centre may be either 
to start activity, or to increase, or to curb, or to stop activity 
already present. We might almost speak of the will as an 
intrinsic stimulus. Its operations are limited by the machinery 
at its command. We may infer that in the frog, the action of 
the cerebral hemispheres in giving shape to a bodily movement 
is that of throwing into activity particular parts of the nervous 
machinery situated in the lower parts of the brain and in the 
spinal cord ; precisely the same movement may be initiated in the 
absence of the cerebral hemispheres by applying such stimuli as 
shall throw precisely the same parts of that machinery into the 
same activity. 

Very marked is the contrast between the behaviour of such 
a frog which, though deprived of its cerebral hemispheres, still 
retains the other parts of the brain, and that of a frog which 
possesses a spinal curd only. The latter when placea on its 
back makes no attempt to regain its normal posture; in fact, 
it may be said to have completely lost its normal posture, for 
even when placed on its belly it does not stand with its fore 
feet erect, as docs the other animal, but lies flat on the ground. 
When thrown into water, instead of swimming, it sinks like a 
lump of lead. When pinched, or otherwise stimulated, it does 
not crawl or leap forwards; it simply throws out its limbs in 
various ways. When its flanks are stroked it does not croak ; 
and when a board on which it is placed is inclined sufficiently 
to displace its centre of gravity it makes no effort to regain 
its balance, but falls off the board like a lifeless mass. Though, 
as we have seen, the various parts of the spinal cord of the frog 
contain a large amount of coordinating machinery, so that the 
brainless frog may, by appropriate stimuli, be made to execute 
various purposeful coordinate movements, yet these are very 
limited compared with those which can be similarly carried 
out by a frog possessing the middle and lower parts of the 
brain in addition to the spinal cord. It is evident that a great 
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deal of the more complex machinery of this kind, especially all 
that which has to deal with the body as a whole, and all that 
which is concerned with equilibrium and is specially povemed 
by the higher senses, is seated not in the spinal cord but in 
the brain. We do not wish now to discuss the details of this 
machinery ; all we desire to insist upon at present is that, in 
the frog the nervous machinery required for the execution, as 
distinguished from the origination, of bodily movements even 
of the most complicated kind, is present after complete removal 
of the cerebral hemispheres, though these movements are such 
as to require the cooperation of highly dififerentiated afferent 
impulses. 

We have thus dwelt at some length on the phenomena 

Siresented by the frog for the reason that in this animal the 
acts which we have described may be demonstrated experiment* 
ally with great ease ; but, quite apart from what was said above 
concerning the ultimate development of apparently spontaneous 
movements, we must not apply at once to all animals, and so to 
the nervous system generally, the conclusions which we may draw 
from the behaviour of the frog. As we have already said, the 
various kinds of animals differ more in the working of their 
nervous system than in anything else. And in regard to the 
effect of the removal of the cerebral hemispheres the fish differs 
markedly from the frog. In the case of most fishes, at all events. 
the losg of the cerebral hemispheres does not lead to the absence, 
even the temporary absence, of apparently spont-aneous movements. 
In other words, in the development of the natural movements of 
the fish the cerebral hemispheres play a far less important part 
than they do in the case of the frog. 

§ 639. Turning now to warm-blooded animals we may remark 
that in them the removal of the cerebral hemispheres is attended 
with much greater difficulties than in the case of the frog. 
Nevertheless, in the bird the operation may be carried out with 
approximate success. Pigeons for instance have been kept alive 
for five or six weeks after complete removal of the cerebral hemi- 
spheres, with the esceptjon of portions of the crura and corpora 
striata immediately suiTounding the optic thalarai ; these parts 
were left in oi-der to ensure the intact condition of the latter 
bodies. 

When the immediate effects of the operation have passed off, 
and for some time afterwards, the appearance and behaviour of 
the bird are strikingly similar to those of a bird exceedingly sleepy 
and stupid. It is able to maintain what appears to be a completely 
normal posture, and can balance itself on one leg, after the fashion 
of a bird which has in a natural way gone to sleep. Left alone in 
perfect quiet, it will remain impassive and motionless for a long 
time. When stirred it moves, shifts its position; and then, on 
being left alone, returns to a natural, easy posture. Placed on 
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its side ur its back it will regain its feet; thrown into the air 
it flies with considerable precision for some distance before it 
returns to rest. It frequently tucks its head under its wings, 
and at times may be seen to clean its feathers; when its beak 
is plunged into corn it eats. It may be induced to move not 
only by ordinary stimuli applied to the skin, but also by sudden 
loud sounds or by flashes of light ', in its flight it will, though 
imperfectly, avoid obstacles, and its various movements appear 
to Do to a certain extent guided not only by touch but also by 
visual impressions. 

In a certain number of cases this sleepy, drowsy condition 
passes ofl" and is succeeded by a phase in which the bird, apparently 
spontaneously, without the intervention of any obvious stimulus, 
moves rapidly about. It does not fly, that is to say, it does not 
raise itself from the ground in flight, but walks about incessantly 
for a long while at a time, periods of activity alternating with 
periods of repose. It seems, from time to time, to wake up and 
move about, and then to go to sleep again ; and it has been 
observed that during the night it appears to be always asleep. 
It is obvious, therefore, that the sleepy, quiescent condition is 
not due simply to the absence of the cerebral hemispheres, but 
is a temporary effect of the operation, and that spontaneous 
movements, that is to say, movements not started by any obvious 
stimulus, may occur after removal of the cerebral hemispheres. 
But the movements so witnessed ditfer from those of an intact 
bird. They are, it is true, varied ; and the variations are in part 
dependent on external circumstances, the bird being guided by 
tactile, and, as we have said, visual sensations, or. to be more 
exact, by impressions made upon the sensory nerves of the skin 
and on the retina ; but they do not shew the wide variations of 
voluntary movements. The bird never flies up from the ground, 
never spontaneously picks up com, and its aimless, monotonous, 
restless walks, resembling the continued swimming of the frog 
thrown into the water after being deprived of its cerebral 
hemispheres, suggest that the activity is the outcome of some 
intrinsic impulse generated in the nervous machinery in some way 
or other, but not by the working of a conscious intelligence as in 
the impulse which we call the will. 

Still we must not shut our eyes to the fact that spontaneous 
movements, whatever their exact nature, are manifested by a bird 
in the absence of the cerebral hemispheres, and become the more 
striking the more complete the recovery from the passing effects 
of the mere operation. Could such bmis be kept alive for any 
considerable time, possibly further developments might be wit- 
nessed, and indeed cases are on record where birds have been 
kept alive for months after the operation, and have shewn sponta- 
neous movements of a still more varied character than those just 
described ; but in such cases the removal of the hemispheres has 
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not been complete, portions of the ventral regions being left 
behind ; and, though a mere remnant left around the optic thalami 
can hardly be regarded as a sufficient cause for the spontaneity of 
which we are speaking, a larger mass, still more or less retaining 
its normal structure, might have a marked effect. And we may 
here perhaps remark that al! these facts seem to point to the 
conclusion that what may be called mechanical apoDtaueity, 
sometimes spoken of as ' automatism,' diflfers from the sponta- 
neity of the 'will' in degree rather than in kind. Looking at 
the matter from a purely physiological point of view (the only 
one which has a right to be employed in these pages), the real 
difference between an automatic act and a voluntary act is that 
the chain of physiological events between the act and its physio- 
logical cause is in the one case short and simple, in the other long 
and complex. 

These, however, are not the considerations on which we wish 
here to dwell ; we have quoted the behaviour of the bird deprived 
of its cerebral hemispheres mainly to shew that in this warm- 
blooded animal, as in the more lowly cold-blooded frog, the parts 
of the brain below or behind the cerebral hemispheres constitute 
a nervous machinery by which all the ordinary bodily movements 
may be carried out. The bird, like the frog, suffers no paralysis 
when the cerebral hemispheres are removed ; on the contrary, 
though its movements have not been studied so closely as those of 
the frog, the bird without its cerebral hemispheres seems capable 
of executing at all events all the ordinary bodily movements of a 
bird ; the moat that has been observed has been some slight loss 
of prehensile power in the feet of raptorial species. And in the 
bird as in the frog, the afferent impulses passing into the central 
nervous system, whether they give rise to consciousness or no, play 
an important part not only in originating but in guiding and 
coordinating the efferent impulses which stir the muscles to 
contract, the coordination being effected partly in the spinal cord, 
but largely and indeed chiefly in the parts of the brain lying 
behind the cerebral hemispheres. It is further worthy of notice 
that spontaneity of movement of the kind which we have de- 
scribed, is much more prominent in the more highly developed 
bird than in the more lowly fi'og. The cerebral hemispheres are 
not the only part of the central nervous system which has under- 
gone a greater development in the bird ; the other parts of the 
brain have also acquired a far greater complexity than iu the frog. 

§ 640. In the mammal the removal of the cerebral hemi- 
spheres is still more diflicult than in the bird; the animal cannot 
be kept alive for more than a few hours ; but in some mammals it 
is possible to observe during those few hours phenomena kindred 
to those witnessed in the bird and in the frog. The rabbit or rat, 
from which the whole of both hemispheres has been removed 
ivith the exception of the parts immediately surrounding the optic 
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thalami, can stand, run and leap. Placed on its aide or back it at 
once regains its feet. Left alone it generally remains as motion- 
less and impassive as a statue, save now and then when a passing 
impulse seems to stir it to a sudden but brief movement ; but 
sometimes it seems subject to a more continued impulse to move, 
in which case death usually follows very speedily. Such a rabbit 
will remain for minutes together utterly heedless of a carrot or 
cabbage-leaf placed just before ita nose, though if a morsel be 
placed within its mouth it at once begins to eat. When stirred it 
will with ease and steadiness nm or leap forward; and obstacles 
in its course are very frequently, with more or less success, avoided. 
In some cases the animal (rat) has been described as following by 
movements of the head a bright light held in front of it (provided 
that the optic nerves and tracts have not been injured during the 
operation), as starting when a shrill and loud noise is made near 
it, and as crj-ing when pinched, often with a long and seemingly 
plaintive scream. So plaintive is the cry which it thus gives 
forth as to suggest to the observer the existence of passion, this, 
however, is probably a wrong interpretation of a vocal action ; 
the cry appears plaintive simply because, in consequence of the 
completeness of the reflex nervous machinery and the absence of 
the usual restraints, it is prolonged. 

Without insisting too much on such results as these, and 
allowing full weight to the objection which may be urged, that in 
some of these cases parts of the cerebral hemispheres surrounding 
the optic thalami were left, there still remains adequate evidence 
to shew that a mammal such as a rabbit, in the same way as 
a frog and a bird, may in the complete or all but complete 
absence of the cerebral hemispheres maintain a natural posture. 
free from all signs of disturbance of equilibrium, and is able to 
cariT out with success, at all events, all the usual and common 
bodily movements. And as in the bird and frog, the evidence 
also shews that these movements not only may be started by. but 
in their carrying out are guided by and coordinated by afferent 
impulses along afferent nerves, including those of the special senses. 
But in the case of the rabbit tt is even stttl clearer than in the case 
of the bird that the effects of these afferent impulses are different 
from those which result when the impulses gain access to an 
intact brain. The movements of the animal seem guided by 
impressions made on its retina, as well as on other sensory nerves ; 
we may perhaps speak of the animal as the subject of sensations; 
but there is no satisfactory evidence that it possesses either visual 
or other perceptions, or that the sensations which it experiences give 
rise to ideas. Its avoidance of objects depends not so much on 
the form of these as on their interiference with light. No image, 
whether pleasant or terrible, whether of food or of an enemy, 
produces an effect on it, other than that of an object reflecting 
more or less light. And we may infer that it lacks the possession 
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of an intelligent will. But it must always be remembered that 
some of the phenomena are due to the operation producing othtsr 
results than the mere absence of the part removed. We must 
bear in mind that in all the above experiments while the positive 
phenomena, the things which the animal continues able to do, 
are of great value, the negative phenomena, the things which the 
animal can no longer do, are of much less, indeed of doubtful 
value. The more carefully and successfiilly the experiments 
ai'e carried out, the narrower become what we may call the 
'deficiency phenomena,' the phenomena which are alone and 
directly due to something having been taken away. Were it 
possible to keep the rabbit alive long enough for the mere effects 
of the operation to pass completely away, we should not only 
probably witness, as in the case of the bird, a greater scope of 
movement and more frequent spontaneity, but possibly find a 
ilifficulty in describing the exact condition of the animal. 

§ 64L. Hitherto attempts to witness similar phenomena in 
more highly organised mammals such as the dog have failed ; these 
animals do not recover from the operation of removing the whole 
of both their hemispheres sufficiently to enable us to judge 
whether they, like the frog, the bird and the rabbit, can carry out 
coordinate bodily movements in the absence of the hemispheres, or 
whether in thera this part of the brain, so largely developed, has 
usurped functions which in the lower animals belong to other 
parts. Our knowledge is largely confined to the experience that 
when in a dog the cerebral convolutions are removed piecemeal 
at several operations, the animal may be kept alive and in good 
health for a long time, many months at least, even after these 
parts of the brain have been reduced to very small dimensions, 
and that under these circumstances, the animal is not only able 
to carry out with some limitations his ordinary bodily movements, 
but also exhibits a spontaneity obviously betokening the possession 
not merely of a conscious volition but of a certain amount of 
intelligence. Unless we arc willing to believe that a mere 
fragment so to speak of the hemispheres can take on most 
extended powers, such an experience seems to shew that in the 
dog as in the rabbit and in the bii-d, the development of so-called 
higher functions is not limited to the cerebral hemispheres, that 
the middle and lower portions of the brain in the higher animals 
as compared with the lower do not increase in bulk merely as the 
instruments of the hemispheres, but like the hemispheres acquire 
more and more complex functions. We may perhaps go so 
far as to ask the question whether the volition and intelligence 
which such a dog exhibits is not as much the product of the 
parts lying behind the hemispheres as of the stump left in the 
front. 

If we can thus say little about the condition of a dog without 
the cerebral hemispheres we can say still less about the monkey. 
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which in all mattera touching the cerebral nervous system serves 
as our best, indeed our ooly guide for drawing inferences concern- 
ing man; but in all probability the monkey in this respect bears 
somewhat the same relation to the dog that the dog bears to the 
bird. 

In short, the more we study the phenomena exhibited by 
animals possessing a part only of their brain, the closer we are 
pushed to the conclusion that no sharp line can be drawn between 
volition and the lack of volition, or oetween the possession and 
absence of intelligence. Between the muscle-nerve preparation 
at the one limit, and our conscious wilting selves at the other, 
there is a continuous gradation without a break ; we cannot fix on 
any linear barrier in the brain or in the general nervous system, 
and say * beyond this there is volition ana intelligence, but up to 
this there is none.' 

This, however, is not the question with which we are now 
dealing. What we want to point out is that in the higher 
animals, including at least some mammals, as in the frog, after 
the removal of the cerebral hemispheres, even though conscious 
volition and intelligence appear to be largely, if not entirely, lost, 
the body is still capable of executing all the ordinary movements 
which the animal in its natural life is wont to perform, in spite of 
these movements necessitating the cooperation of various afferent 
impulses ; and that therefore the nervous machinery for the 
execution of these movements lies in some part of the brain 
other than the cerebral hemispheres. We have reasons for 
thinking that it ia situated in the structures forming the middle 
and hind brain ; as we shall see, interference with these parts 
produces at once remarkable disorders of movement. 




SEC. 5. THE MACHINERY OF COORDINATED 
MOVEMENTS. 



§ 642. We may now direct our attention for a while to some 
considerations concerning the nature of this complex nervous 
machinery for the coordination of bodily movements, and especially 
concerning the part played by afferent impulses. Moat of our 
knowledge on this point has been gained by a study of animals 
not deprived of, but still possessing their cerebral hemispheres, or 
by deductions from the data of our own experience; but it is 
possible in most cases to eliminate from the total results the 
phenomena which are due to the working of a conscious intelli- 
gence. Some of the most striking facts bearing on this matter 
have been gained by studying the effects of operative interference 
with certain parts of the internal ear, known as the semicircular 
canals. The details of the structure of these parts we shall 
describe later on when we come to deal with hearing, but we 
may here say that each internal ear possesses three membranous 
semicircular canals, disposed in the three planes of space (one 
horizontal, and one in each of the two vertical planes, fore and 
aft and side to aide), each membranous canal being surrounded 
by a bony canal of nearly the same shape, and being expanded 
at one end into what is called an ampulla, on which fibres of 
the auditory nerve end. Each membranous canal, in common 
with the cavity of the internal ear of which it is a prolongation, 
contains a fluid allied to lymph, called endolymph, and the space 
between each membranous canal and its corresponding bony canal 
is in reality a lymph space, containing a fluid which is virtually 
lymph, though it is called by the special name of perilymph. 
In Dirds interference with the semicircular canals produces the 
following remarkable results. 

When in a pigeon the horizontal membranous semicircular canal 
on either side is cut through, or laid open and plugged with some 
material such as wax or amalgam, the bird is observed to be con- 
tinually moving its head ft-om side to side. If one of the vertical 
canals be 8imilaj*ly treated, the movements are up and down ; if 
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both be interfered with, they are diagonal. The peculiar move- 
mente may not be witnessed when the bird is perfectly quiet, but 
they make their appearance whenever it is disturbed, or attempts 
in any way to stir. When all the canals of one side are operated 
on, the head is kept turned on one side in a characteristic manner. 
When the injury is confined to one canal only or even to the canals 
of one side of the head only, the condition after a while passe.'* 
away ; when the canals of both sides have been divided, it becomes 
much exaggerated, lasts much longer, and in some cases is said to 
remain pennanently. At^r these mjuries to the canals it is found 
that the peculiar movements of the head are associated with what 
appears to be a great want of coordination of bodily movemeuts. 
If the bird be thrown into the air, it flutters and ialls down in a 
helpless and confused manner ; it appears to have lost the power 
of orderly flight. If placed in a balanced position, it may remain 
for some time quiet, generally with its head in a peculiar posture ; 
but directly it is disturbed, the movements which it attempts to 
execute are irregular and fall short of their purpose. It has great 
difficulty in picking up food and in drinking; and in general its 
behaviour very mucn resembles that of a person who b exceedingly 
dizzy. 

It can hear perfectly well, and therefore the symptoms cannot 
be regarded as the result uf any abnormal auditory sensations, such 
as ' a roaring ' in the ears. Besides, any such stimulation of the 
auditory nerve as the result of the section would speedily die away, 
whereas these phenomena may last for at least a very considerable 
time. 

The movements are not occasioned by any partial paralysis, by 
any want of power in particular muscles or group of muscles : 
though removal of the canals of one side has been described as 
ultimately leading to diminished muscular force on the same side 
of the body, the mere diminution of force is insuflBcient to explain 
the phenomena. Nor on the other hand are the movements due 
to any uncontrollable impulse ; a very gentle pressure of the hand 
suffices to stop the movements of the head, and the hand in doing 
so experiences no strain. The assistance of a very slight support 
enables movements, otherwise impossible or most difficult, to be 
easily executed. Thus, though when left alone the bird has great 
difficulty in drinking or picking up com, it will continue to drink 
or eat with ease if its beak be plunged into water or into a heap 
of barley ; the slight support of the water or of the grain seems 
sufficient to steady its movements. In the same way it can, 
even without assistance, clean its feathers and scratch its he-ad, 
its beak and foot being in these operations guided by contact 
with its own body. 

The amount of disorder thus induced differs in dififerent birds ; 
and some movements are more atfected than others. As a general 
rule it may be said that the more complex and intricate a move- 





emwj it •Dt t 
lh« ifw tieip 



» 



SEMICIBCrLAR CASALS. [Book HI. 

r and more delicate the coordination needed to 
it •Dt wmtifiJ ly, the more m&rkedl; is it disordered b)' 
•Mwd; Uma a^er injniT to the canals, wliile a pIgeoD 
§y, m jBfooM ia attil able to awim. 

IHm pbencNDena are beat shewn by and have bees chiefly 

" ' ' the bird, bnt they may be witneased in varying degree 
■ of vertebrate atumala from mammals down to fishes : 
some of the resalta have been negative, but 
'ation bait brought to tight the cbaractcristic phe- 
a very clear and decided manner. In all animals, 
nUMftrence with the canals brings about movements of the head 
nr t4 toma part of the body, such as the tins in fishes, and is fol- 
itfWtti hy tiffTe or less loas of coordination; in mammals, and indeed 
HI fither animalit peculiar, often oscillating movements of the eye- 
MIm, difEnring in direction aod character according to the canal 
M dwialu o[>emted iiprm. become especially prominent ; as we shall 
M« Iftfir on there seemn to be some special connection between 
iht *ar and the nervous mechanism governing the movements of 
llw <!y<-lMll. 

Injury to the bony canals alone is insufficient to produce the 
•ymptomK; tho mombranous canals themselves must be divided 
irr injured. Th« charRCteristic movements of the head may 
howt'vnr bo hnmght about in a. bird without opening the bony 
''itnitl. hy Hurldt'niv huatiiig or cooling a canal, etipecially its 
nitipiillnr t^TitiitiatioQs, or by the making or breaking of a con- 
•Uiit cmTTuui directed through the canal. 

Thei'o ran be no doubt that these characteristic movements 
tit thfl head are the result of afferent impulses started in the 
iiftrvoiiii (.'udingH of the auditory nerve over the ampulla of the 
r<Mrml, tttid conveyed to the brain along that nerve. And that 
il^jury ill or other stiniulation of each of the three canals should 
|ir(Hliii-f> in eat'h caso ti different movement of the bead, the 
'llre"tiofi (if tho iiiovduiont being different according to the plane 
111 wliioli tho cnnnl liitK, Hhi>ws that these impulses are of a peculiar 
iint'Urt'. TlilPi in ftirther illustrated by the following experiment. 
If ihn horUiiiitnl oanal be carefully laid bare, and the membranous 
I'ltiinl <j)ii'in'il wi rui to ex{)oae the endolymph, blowing gently over 
ill* ii|iiiriiii) eiuml with a fine glass cannula will produce a definite 
lilitVotiiiiiili uf tht) hood, which is turned to the one side or to the 
iitllor, iioiM)|i|iiiK OH thi' current of air drives the endolymph 
IjiWHiita or iiwiiy I'mui the itrnpuila. From this it is inferred 
iJiMJi It MiovKiiK'iit. of i.Ik' •'iitiiiiymph over, or an increased pressure 
of th'i ii|i<liil>ii>{ili <>M, thi< nervous endings in the ampulla gives 
tiit» III al1)ih-iil iiii|>iil«e'< M'hifh in some way determine the issue 
of )<nV)iiiiit liu)iul>ii>N liiidiiig to the movement of the head. It is 
I\iKIiui NiigjfaNtml that aiiico the planes of the three canals lie in 
lltu thivii Hki« of u)vai\\ any changv in the position of the head 
IUil»t li>Hit to I'loiiigi'H in tho pressure of the endolymph on the 
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walls of the ampullae or to movementa of endolymph over thoee 
walls, and so must give rise to impulses passing up the auditory 
nerve; and that since every change of position will affect the three 
canals differently (whereas the changee of pressure of the endo- 
lymph involved in a " wave of souod" will atfect all three ampullae 
equally) those impulses will differ accordiog to the direction of 
the change. A still further extension of this view supposes that 
since in any one position of the head the pressure of the endo- 
lymph will ditfer in the three ampullae, mere position of the bead. 
as distinguished from change of position, is, adequate to generate 
afferent impulses differing in the different positions. 

Let us now for a while turn aside to ourselves and examine 
the coordination of the movements of our own bodies. When we 
appeal to our own consciousness we find that our movements are 

fovemed and guided by what we may call a sen.se of ec|tiilibrium, 
y an appreciation of the position of our body and its relations to 
space. When this sense of equilibrium is disturbed we say we 
are dizzy, and we then stagger and reel, being no longer able to 
coordinate the movements of our bodies or to adapt them to the 
position of things around us. What is the origin of this sense 
of equilibrium ? By what means are we able to appreciate the 
position of our body ? There can be no doubt that this appre- 
ciation is in large measure the product of visual and tactile 
sensations; we recognise the relations of our body to the things 
around us in great measure by sight and touch; we also leani 
much by our muscular sense. But there is something beside.s 
these. Neither sight nor touch nor muscular sense can help us 
when, placed perfectly flat and at reist on a horizontal rotating 
table, with the eyes shut and not a muscle stirring, we attempt to 
determine whether or no the table and we with it are being moved, 
or to ascertain how much it and we are turned to the right or to 
the left. Yet under such circumstances we are coiwcious of a 
change in our position, and some observers have been even able to 
pass a tolerably successful judgment as to the angle through which 
they have been moved. There can be no doubt that such a 
judgment is baaed upon the inteipretation by consciousness of 
afferent impulses which are dependent on the position of the 
body, but which are not afferent impulses belonging to sensations 
of touch or sight, or taking piirt in the muscular sense. We 
ought not perhaps to forget the possibility of our consciousness 
being affected by other impulses generated in the tissues by the 
change of position, such as those due to vaso-motor effects ; still 
it may be urged with great plausibility that the afferent impulses 
in question are those which we have just referred to as started 
in tne semicircular canals. 

If we admit the existence of such ampullar impulses, if we 
may venture so to call them, and recognise them as contributing 
largely not only to our direct perception of the position of the 
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head and thus of the body, but also in a more indirect way to 
what we have called the sense of equilibrium, we should expect to 
find that when they are abnonnal the sense of equilibrium is 
disturbed, and that in consequence a failure of coordination in our 
movements results. And the loss of coordination which we 
described above as resulting from injury to the semicircolar 
canals has accordingly been attributed to a deficiency or disorder 
of normal ampullar impulses. 

It may of course be urged, and indeed has been urged, that 
the phenomena which follow interference with the canals are 
due, not to the mere loss of normal impulses, but to the presence 
of abnormal impulses excited by the injuiy; and the argument 
that the mere stimulus of the operation could not produce the 
more permanent effects often met with, has been met with the 
contention that the operation has in such cases set up secondary 
mischief in the cerebellum, with which as we have seen (§ 618) 
the vestibular nerve is specially connected and which we have 
some reason for thinking is in some way concerned in the co- 
ordination of movements. Careful observation however has shewn 
that such a contention is invalid ; and indeed the whole evidence 
is in favour of the view that impulses are normally generated 
in the ampulla according to the movements of the head. Among 
other arguments in favour of this view may be mentioned the 
fact that, in fishes, section of the branch of the vestibular nerve 
going to a particular ampulla produces the same effect as the 
removal of the ampulla itself 

So far we have spoken of the semicircular canals only, but it is 
obvious that these are affected by movements of rotation only. 
If the head (and body) be carried either directly upwards and 
downwards, or directly forwards and backwards, in the same plane 
without any rotational movements at all, none of the semicircular 
canals will be specially affected ; yet we are as well aware of such 
movements as of those of rotation ; and afferent impulses gene- 
rated by such movements must be as necessary to coordination 
in the same way as those generated by rotational movements. 
Now the vestibular nerve is distributed not only to the ampullae 
of the semicircular canals but also to the parts called the utricle 
and saccule. And though the experimental evidence is not so 
decisive as in the case of the semicircular canals, there are strong 
reasons for thinking that these parts of the vestibule play the 
same part towards horizontal and vertical movements that the 
canals do towards movements of rotation. Thus the whole 
vestibule and the vestibular nerve seems to have a connection 
with the coordination of movements, and with the appreciation 
by consciousness of the position of the body in space. We may 
add that in all probability many of the so-called auditory sacs in 
invertebrates perform a similar fiinction, 

§ 643. We have dwelt on these phenomena of the semicircular 
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canals because they illustrate in a strikiag manner the important 
part played by afferent impulses in the coordination of movements. 
We saw reason to think (§ 589) that even in an ordinary reflex 
movement carried out by the spinal cord or by a portion of the 
cord afferent impulses, other than those which escite the movement, 
are at work, determining such coordination as is present. In such 
a case the coordinating afferent impulses are relatively simple 
in character and start chiefly at all events in the muscles con- 
cerned. In an animal possessing the lower parts of the brain, 
though deprived of the cerebral hemispheres, the coordinating 
afferent impulses, in accordance with the greater diversity and 
complexity of the movements which the animal is able to execute, 
are far more potent and varied. Besides afferent impulses from 
the muscles, forming the basis of what we have called the muscular 
aense, afferent impulses from the skin, forming the basis of the 
sense of touch in the wide meaning of that word, other afferent 
impulses of obscure character from the viscera and various tissues, 
and the peculiar afferent anipullar impulse» of which we have just 
spoken, important special afferent impulses borne along the nerves 
of sight and hearing come into play. The frog, the bird, and even 
the mammal, deprived of the cerebral hemispheres, though it may 
shew little signs or none at all of having a distinct volition, is as 
we have urged indubitably affected by visual and auditory 
impressions, and whether we admit or no that such an animal 
can rightly be spoken of as being conscious we cannot resist the 
conclusion that afferent impulses started in its retina or internal 
ear produce in its central nervous system changes similar to those 
which in a conscious animal form the basis of visual and auditory 
sensations, and we must either call these changes sensations or 
find for them some new word. Whatever we call them, and 
whether consciousness is distinctly involved in them or no, they 
obviously play an important part as factors of the coordination 
of movements. Indeed, when we appeal to the experience of 
ourselves in possession of consciousness, we find that though 
various sensations clearly enter into the coordination of our 
movements, we carry out movements thus coordinated without 
being distinctly aware of these coordinating factors. In every 
movement which we make the coordination of the movement is 
dependent on the impulses or influences which form the basis 
of the muscular sense, yet we are not distinctly conscious of 
these impulses ; it is only as we shall see by special analysis 
that we come to the conclusion that we do possess what we 
shall call a muscular sense. So again, taking the matter from 
a somewhat different point of view, many of our movements, 
markedly as we shall see those of the eyeballs, are coordinated 
by visual sensations, and when we sing or when we dance to 
iDiisic our movements are coordinated by the help of sensations 
of sound, In these cases distinct sensations in the ordinary sense 
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of the word intervene ; if we cannot see or cannot hear, the 
movement fails or is imperfect; yet even in these cases we are 
not directly conscious of the sensations as coordinating factors ; it 
needs careful analysis to prove that the success of the movement 
is really dependent on the sound or on the sight. These and 
other facts suggest the view that the point at which the various 
aflferent impulses which form the basis of the sensations of a 
conscious individual enter into the coordinating mechanism is or 
may be some way short of the stage at which the complete 
conversion of the impulse into a perfect sensation takes place. 
The events which constitute what we may call visual impulses, as 
these leave the retina to sweep along the optic nerve, are we must 
admit very different from those which in the appropriate parts of the 
brain constitute what we may call conscious vision ; and probably 
between the beginning and the end there are progressive changes. 
It is probable, we say, that these visual events may affect the 
coordinating mechanism at some stage of their progress before 
they reach their final and perfect form. If this be so we may 
further conclude that though, when the whole nervous machinery 
is present in its entirety, the afferent impulses which take part in 
coordination must inevitably at the same time give rise to 
conscious sensations, they might still effect their coordinating 
work when, owing to the imperfection or lack of the terminal part 
of the nervous machinery, the impulses failed to receive their final 
transformation, and conscious sensations were absent. In other 
words the coordinating influences of sensory or afferent impulses 
are not essentially dependent on the existence of a distinct 
consciousness. 

§ 641. We have raised this point partly for the sake of 
illustrating the working of the coordination machinery' in the 
absence of the cerebral hemispheres, but also in order to aid in 
the interpretation of the subjective condition which we speak of 
as giddiness or dizziness or vertigo. We compared the condition 
of the pigeon after an injury to the semicircular canals to that of 
a person who is giddy or dizzy, and indeed vertigo is the subjective 
expression of a disarrangement of the coordination machinery, 
especially of that concerned in the maintenance of bodily equili- 
brium. It may be brought about in many ways. When a constant 
current of adequate strength ia sent through the head from eai" to 
ear, we experience a sense of vertigo ; our movements then appear 
to a bystander to fail in coordination, in fact to resemble those of 
a pigeon whose semicircular canals have been injured; and indeed 
the effects are probably produced in the same way in the two 
cases. In what is called Meniere's disease attacks of vertigo seem 
to be associated with disease in the ear, being attributed by many 
to disorder of the semicircular canals, and cases have been re- 
corded of giddiness as well as deafness resulting from disease 
of the auditory nerve. Visual sensations are very potent in 
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producing vertigo. Mkdj peraons feel giddy when they look at a 
waterfall ; and this is a case in which both the sense of giddiness 
and the diBarrangcment of coordination is the result of the action 
of a pure sensation and nothing else. In the well-known intense 
vertigo which is caused by rapid rotation of the body visual 
sensation plays a part when the rotation is carried on with the eyes 
open, but only a part ; for vertigo may be induced, though not so 
readily, by rotation with the eyes completely shut. In the latter 
case it has been suggested that the vertigo is caused by abnormal 
ampullar impulses, but these only contribute to the result, 
which is in part at least, if not in the main, caused by direct dis- 
turbance of the brain. When the rotation is carried out with the 
eyes open, the vertigo which is felt when the rotation ceases is 
partly caused by the visual sensations, on account of the behaviour 
of the eyeballs, ceasing to be in harmony with the rest of the 
sensations and afferent impulses which help to make up the co- 
ordination. The rotation sets up peculiar oscillating movements 
of the eyeballs (nystagmus), which continue for some time after 
the rotation has ceased; owing to these movements of the eyeballs 
the visual sensations excited are such as would be excited if 
external objects were rapidly moving, whereas all the other sen- 
sations and impulses which are affecting the central nervous system 
are such as are excited by objects at rest. In a normal state of 
things the visual and the other sensations and impulses, which go 
to make up the coordinating machinery, are in accord with each 
other in reference to the events in the external world which are 
giving rise to them ; after rotation they are for a time in disaccord, 
and the coordinating machinery is in consequence disarranged. 

When we interrogate our own consciousness, we 6nd that we 
are not distinctly conscious of this disaccord ; the visual sensations 
are so prepotent in consciousness, that we really think the external 
world is rapidly whirling round ; all that we are further conscious 
of ia the feeling of giddiness and our inability to make our bodily 
movements harmonize with our visual sensations. So that even in 
the cases where the loss of coordination is brought about by 
distinct sensations what we really appreciate by means of our 
consciousness is the disarrangement of the coordinating machinery. 
It is the appreciation of this disorder which constitutes the feeling 
of vertigo ; both the feeling of giddiness and the disordered move- 
ments are the outcome, one subjective and the other objective, of 
the same thing. It is not because we feel giddy that we stagger 
and reel ; our movements are wrong because the machinery is at 
fault, and it is the faulty action of the machinery which also makes 
lis feel giddy. 

We may here perhaps remark that it is an actually disordered 
condition of the coordinating mechanism which gives rise to the 
affection of consciousness which we call giddiness, not a mere cur- 
tailing of the mechanism or any failure ou its part to make 
F. III. 70 





r unpokeB atteet the iDOTemeiUs of the eydMlh. 
only wheo tlie ejta are opened, hot also when they are i 
rotation pn^ncea njstagmds; in socfa a case this seems to Da 
doe to th« ampallar impnlaea. On the other hand, afleienk 
Jafohf other ^kan ampnUar, more espeioaS^f ranal impolses, 
■OT M bt replace these as to compensate to a large extent for 
their a b w MCC Tbns the characteristic movements of the head 
and the iocoordiiiatian which follow interference with the canals 
gradaaOy dimiotah, as a role, afica- a while: the absence of the 
ampallar impalses is compensated for. Now if in an animal, 
t'jT instance in a pigeon, the cerebral hemisf^eres are removed 
h^cm the operation on the canals is performed, not only do the 
characteristic eSecta follow that operation, and that perhaps in 
even more striking manner than m an entire animal, but they 
remain anchanged until the death of the animal; they are never 
compenjiated for. We may infer that the compensation which is 
effected in the entire animal is effected by means of the cerebral 
hemispheres. Again, if in a dog after the loss of coordination 
carifiei) by the removal of the vestibule on both sides has passed 
off, compenaatii^n having been effected, that portion of the cortes 
which we Hhall presently speak of as the motor area be removed, 
inuMirdi nation retams, but is after a while again recovered from. 
In this later stage, however, the animal loses the power of co- 
ordination if he he temporarily deprived of visual impulses; in a 
(lark room he cannot walk, or does so with extreme difficulty ; coro- 

Cnsation is in this case largely effected by means of visual impulses, 
wtly, the hintory of deaf-mutes con6rms much which has been 
advanced above. The causes of deaf-mutism are probably various, 
hut we may suppose that at least in some, if not many of them, 
the vestibule of the ear is affected. Now careful investigation 
Khews that a large number of deaf-mutes are deficient in the 
appreciation of the position of their bodies, and even in the 
dxirdination of movements. The absence of vestibular impulses 
is as regards coordination largely compensated for, still the lack 
may often be detected; many deaf-mutes are unsteady in 
darhness, and even in the light cannot balance themselves well. 
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And it is interesting to observe that in the case of a large 
number of them rotation with the eyes shut does not produce 
nystagmus. 

§ 648. Forced Movements. So far we have dwelt on disorders 
of the coordinating machinery brought about by the action of 
various afferent impulses. We have now to call attention to some 
peculiar phenomena which result from operative interference with 
parts of the brain, and which in some instances at least may be 
taken to illustrate how this complex machinery works when some 
of its inner wheels are broken. 

All investigators who have performed experiments on the 
brain have observed, as the result of injury to various parts 
of it. remarkable movements which have the appearance of being 
irresistible, compulsory, forced. They vary much in the extent 
to which they are developed ; some are so slight as hardly to deserve 
the name, while others are strikingly intense. One of the most 
common forms is that in which the animal rolls incessantly round 
the longitudinal axis of its own body. This is especially common 
after section of one of the crura cerebri, or of the middle and 
inferior peduncles of the cerebellum, or after unilateral section 
of the pons, but has also been witnessed after injury to the bulb 
and corpora quadrigemina. Sometimes the animal rotates towards 
and sometimes away from the side operated on. Another form is 
that in which the animal executes 'circus movements,' i.e. con- 
tinually moves round and round in a circle of longer or shorter 
radius, sometimes towards and sometimes away from the injured 
side. This may be seen after several of the above-mentioned 
operations, and in one form or another is not uncommon after 
various unilateral injuries to the brain. There is a variety of the 
circus movement, "the deckhand movement," said to occur 
frequently after lesions of the posterior corpora qnadrigemina, in 
which the animal moves in a circle, with the longitudinal axis of 
its body as a radius, and the end of its tail for a centre. And this 
form again may easily pass into a simple rolling movement. In 
yet another form the animal rotates over the transverse axis of its 
body, tumbles head over heels in a series of somersaults ; or it may 
run incessantly in a straight line backwards or fonvards until it is 
stopped by some obstacle. These latter forms of forced movements 
are sometimes seen after injury to the corpus striatum even when 
a very limited portion of the grey matter is affecteii. And many 
of these forced movements may result from injuries which appear 
to be confined to the cerebral cortex. 

When the phenomena are well developed, every effort of the 
animal brings on a movement of this forced character. Left t<> 
itself and at rest the animal may present nothing abnormal, its 
posture and attitude may be quite natural ; but when it is excited 
to move or when it attempts of itself to move, it executes not 
a natural movement but a forced one, turning round or rolling 
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over aa the case maj be. In severe cases the inoi«aent is 
CDDtinoed notil the animal is exhaasted; vben the exhanation 
powri off tbe aaitnal maj remain for some little time qaiet. but 
soBie stiatitfaifl, intriofiic or extrinsic, soon inaogniates a fresh 
owtbreak, to be again followed by exhaustion. 

In some of the milder frH-ms, that for instance of the circus 
nwveiDeat with a long radios, the corred character of the progres- 
Bion appean simply doe to the fact that in the effort of locomotion 
v(Jiti'>nal impolses do not gain such ready access to aae side of 
the body as to the other, the injury having caused some obstacle 
or other. Hence the contractions of the muscles of aae side (the 
left for instance) of the body are more powerful than the other, 
and in conaeqaence the body is continaally thrust towards the 
other (the right) aide. As is well known we ourselves, when our 
walk is not guided by visual sensations, tend to describe a circle 
of somewhat wide radius, the deviation being due to a want of 
bilateral symmetry in our limbs ; and tbe above circus movement 
is only an exaggeration of this. 

But the other more intense forms of forced movements are 
more complicated in their nature. No mere blocking of volitional 
impulses will explain why an animal whenever it attempts to 
move rolls rapidly over, or rushes irresistibly forwards or back- 
wards. It is not possible with our present knowledge to explain 
how each particular kind of movement is brought about; and 
indeed the several kiudti are probably brought about in diEFereot 
ways, for they differ so greatly from each other that we only class 
them together because it is diJficult to know where to draw the 
line between them. But we may regard tbe more intense forms 
as illustrating the complex nature of what we have called the 
coordinating machinery, the capabilities of which are, so to 
speak, disclosed by its being damaged. Such gross injuries as are 
involved in dividing cerebral structures or in injecting corrosive 
substances into this or that part of the brain, must of necessity, 
partly by blocking the way to the impulses which in a normal 
state of things are continually passing from one part of the brain 
to another, partly by generating new unusual impulses, seriously 
affect the due working of the general coordinating machinery. 
The fact that an animal can, at any moment, by an effort of its 
own will, rotate on its axis or run straight forwards, shews that 
the nervous mechanism for the execution of those movements is 
ready at hand in the brain, waiting only to be discharged ; and it ia 
easy to conceive how such a discharge might be affected either by 
the substitution for the will of some potent intrinsic afferent 
impulse or by some misdirection of volitional impulses. Persons 
who have experienced similar forced movements as the result of 
disease report that they are frequently accompanied, and seem to 
be caused, by disturbed visual or other sensations; thus they 
iittribuU; their suddenly falling forward to the occurrence of the 
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sensation that the ground in front of them is Buddenly sinking 
away beneath their feet. Without trusting too closely to the 
interpretations the subjects of these disorders give of their own 
feelings, and remembering what waa said above concerning vertigo, 
we may at least cmclude that the unusual movements are in many 
cases due to a disorder of the coordinating mochanism, brought 
about by strange or disordered sensory impulses. Aud this view 
ia supported by the fact that many of these forced movements 
are accompanied by a peculiar and wholly abnormal position of 
the eyes, which alone might perhaps explain many of the pheno- 
mena. 

Somewhat allied to these ' forced movements ' is a peculiar 
rigidity of certain of the skeletal muscles, which is seen in sf>me 
animals after removal of the cerebral hemispheres (including 
the corpora striata), together with the optic thalami, and which 
has been called "decerebrate rigidity.' The limbs become fixed, 
with the joints in extreme extension, the neck and the tail are 
stiffly arched upwards, and all the parts may remain in this 
condition without intermission for several days. No convulsions 
or struggling necessarily occur and the breathing is regular and 
tranquil. Tne steady, continued tonic contraction of the extensor 
muscles which causes the rigidity may be temporarily suspended 
by exciting in a reflex manner the appropriate flexor muscles ; 
the excitation of the flexor entails an inhibition of the antago- 
nistic extensor (cf. 598) ; but the rigidity returns when the excita- 
tion is ended. Since this rigidity of limb is at once and per- 
manently done away by section of the sensory roots of the part, 
we may conclude that the phenomenon is of a reflex nature; 
it is however developed by some action of the lower part 
of the brain determined by the absence of the cerebral 
hemisphere.'*. 

§ 646. The phenomena presented by animals deprived of 
their cerebral hemispheres shew that this machinery of coordina- 
tion is supplied by cerebral structures lying between the cerebral 
hemisphere above and the top of the spinal cord below. But 
when we ask the further question, how is this machinery related 
to the various elements which go to make up this part of the 
brain ? the only answers which we receive are of the most im- 
perfect kind. 

In the case of the frog we can, after removal of the cerebral 
hemisphere, make an experimental distinction in the parts left 
between the optic thalami with the optic nerves and tracts, 
the optic lobes, and the bulb with the rudimentary cerebellum. 
When the optic thalami are removed, as might be expected, the 
evidence of visual impressions modifying the movements of the 
animal disappears ; and it is stated that apparently spontaneous 
movements are much more rare than when the thalami are 
intact. When the optic lobes as well as the cerebral hemispheres 
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;ire removed, the power of balanciiig is lost; when such a frog is 
tbrowa off its baiaoce by incbniiig the plane on which it is placed, 
it slips back or falls down; the special coordinating mechanism 
for balancing niubt therefore in this animal have a special 
connection with the optic lobes. But after removal of these 
organs the animal is still capable of a great variety of coordinate 
movements: unlike a frog retaining its spinal cord only, it can 
swim and leap, it maintains a normal posture, and when placed on 
its back immediately regains the normal posture. The cerebellum 
of the frog is so small, and in removing it injury is so likely to be 
done to the underlying parts, that it becomes difficult to say how 
much of the coordination apparent in a frog possessing cerebellum 
and bulb is to be attributed to the former or to the latter; 
probably, however, the part played by the former is smalL 

In the case neither of the bird nor of the mammal have we 
any exact information as to the behaviour of the animal after 
removal of the parts behind the hemispheres, in addition to the 
hemispheres themselves. Our knowledge is confined to the 
results of the ablation, or of the stimulation of parts, the 
cerebellum for instance, in animals in which the rest of the brain 
has been left intact. Observations of this kind have disclosed 
many interesting facts, besides the forced movements just referred 
to, but they have not led to, and indeed could hardly be expected 
to lead to, any clear views as to the point which we are now dis- 
cussing. It does not follow that every part, injury or stimulation 
of which interferes with coordinated movements, or gives rise to 
definite, forced, or other movements, is to be considered as part 
of the machinery under consideration. The corpora striata and 
cerebral hemispheres form, as we have seen, no part of the 
machinery, yet injury to them may disorder the machinery; and 
the fact that removal of, or injury to the cerebellum, disorders 
the machinery is no proof by itself that the cerebellum is an 
essential part of the machinery. 

If we may trust to deductions from structural arrangements, 
we might be inclined to infer that the anatomical relations of 
what we have called the tegmental region from the bulb upwards 
point to its serving as tne foundation of the machinery in 
question. Behind, it has full connections with various parts of 
tne cord, while in front by means of the optic thalami and 
anterior corpora quadrigemina, if not by other ways as well, it 
is 80 far associated with the optic nerves that the path seems 
open for visual impulses to gain access to it. To this foundation, 
however, we must add the cerebellum, on account of its relations 
to it, to the cord, and to the bulb through the restiform bodies, 
including its ties with the vestibular nerve. And if we add the 
cerebellum we must also probably add the pons. We may exclude 
the pes of the crus, since this is composed exclusively of fibres 
bringing the cerebral hemispheres, including the corpora striata. 
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into connection with the pons, bulb and cord, and so with the 
coordinating machinery itself, as well as with other parts of the 
nervous system. And observation as far as it goes supports this 
deduction from anatomical relationships. We will, however, defer 
what else we have to say on this point until after we have discussed 
the carrying out of voluntary movements. 



ON SOME HISTOLOGICAL FEATURES OF 
THE BRAIN. 



§ 647. The white matter of the brain, as we have already 
said, like that of the spinal cord consists of medullated fibres, 
of various sizes, imbedded in neuroglia and supported by septa of 
connective tissue derived from the pia mater. Save that cells, or 
even groups or rows of cells — for the most part small cells, about 
many of which it may be debated whether they are nerve cells or 
neuroglia cells — are frequently seen between the fibres and bundles 
of fibres, the white matter of the brain seems essentially identical 
with that of the spinal cord. 

The grey matter of the brain in general also resembles the 
grey matter of the spinal coi-d in consisting of nerve cells with 
axons and branching dendrites, imbedded in neuroglia. Fibres 
from the white matter pass into the grey matter to effect 
synapses with the cells, and axons of cells of the grey matter pass 
into the white matter to become nerve fibres; hence the grey 
matter like that of the cord is also traversed by what are 
ordinarily spoken of as non- medullated fibres and fibrils, and 
medullated fibres mostly fine, but to some extent of ordinary size. 
In the case of most of the nerve cells, the axon becomes a medul- 
lated nerve fibre, and generally but not always giving off collaterals, 
often runs for a considerable distance. In certain cells however, 
the cells of Oolgi, the axon never becomes a medullated nerve 
fibre and never leaves the grey matter but at no great distance 
from the perikaryon branches in a rapid and extensive manner; 
such a distinction, an we have seen, is met with also in the spinal 
cord. In the grey matter of the brain are found also cells having 
other very special features; these are not present in the spinal 
cord and form perhaps the distinguishing feature of the former. 

The ' central ' grey matter is extremely like that of the cord 
except that the nervous elements are imbedded in a relatively 
larger quantity of neuroglia. Immediately underneath the epi- 
thelium lining the several ventricles and the aqueduct, the 
neuroglia is especially developed, forming a distinct layer which 
may be regarded as a continuation uf the central gelatinous 
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siibetance of the spinal cord, and which with the epithelium 
overlying it forms what ia kuowD as the ependyma. The ' nuclei ' 
of the cranial nerves are, as we have seen, comparable to the 
groups of nerve cells in the spinal cord. 

A great deal of the grey matter of the brain may be spoken 
of as more ' dififuse ' or ' scattered,' more broken up by bimdlea of 
fibres than is the case in the spinal cord. The 'reticular formation' 
of the bulb, and of the tegmental region, is an extreme form of 
this diffuse grey matter. And even in such collections of in- 
dubitable grey matter as the corpus striatum, optic thalamus and 
the like, the pure grey matter, if we may use the term, is much 
more interrupted and broken up by conspicuous bundles of white 
fibres than is the case in any region of the spinal cord. In the 
corpora quadrigemina too the grey matter is broken up by sheets 
or bundles of white matter. 

The nerve cells of the several collections of grey matter are 
not all alike ; they present in different regions differences in size, 
form, and in other characters. The cells of the nucleus caudatus, 
for instance, are rather small and often round or spindlesbaped, 
while those of the optic thalamus are large, branched and rich in 
pigment. The cells of the substantia nigra are sp indies h aped, of 
moderate size, and so loaded with black pigment (in man) as to 
justify the name; those of the locus c^rulcus are very large and 
spherical, with just so much pigment as to give a bluish tint. 
Our knowledge, however, of the physiological significance of the 
finer histological characters of most of these various kinds of cells 
is too limited to justify our dwelling on them. Two regions of 
grey matter atone call for special description here, the cortex 
cerebri and the superficial grey matter of the cerebellum. 



The superficial grey matter of the cerebellum. 

§648. The surface of the cerebellum is increased by being 
folded or plaited into leaf-like folds, and each of these primary 
folds is similarly folded into a number of secondary, also leaf-like, 
folds or lamella?. Each of these lamella consists of a central 
core of white matter, the fibres of which pass inwards to, and 
contribute to form the central white matter of the cerebellum, 
and of a superficial layer of grey matter. A section through a 
lamella perpendicular to the surface (Fig- 128) shews that the 
grey matter consists essentially of two layers : a layer lying next 
to the white matter formed by densely crowded small cells, called 
the nuclear layer, and between this and the superficial pia tnater 
a much thicker layer of peculiar nature, called the vtolecular layer. 
Between these two layers lies a row of very large and remarkable 
cells, called the cells of Purkinji. the bodies of which abut on 
the nuclear layer, and the long dendrites of which travei-se the 
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Before proceeding further, we may hero remark that a aection 
of a. lamella, that is oue of the secondary not one of the primary 
folds, while still remaining a vertical section (that is perpendicular 
to the surface) may be carried through the lamella in difl'erent 
[ilanes, and that of these several planes the sections taken in two 
of them are especially instructive, namely, the one taken in what 
we may call the longitudinal plane (Fig. 128 a), pa-ssing from the 
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top of the lamella to its base, and the one taken at right angles 
to the former (Fig, 128), in what we may call the transverse 
plane. The nuclear layer and the molecular layer present the 
same broad features in both longitudinal and transverse suctions, 
but the long, much branched dendrites of the cells of Purkinj^ 
since they run in the transverse plane are adequately seen m 
transverse sections only ; longitudinal sections shew only their 
profiles. 

The molecular layer (Fig, 128, M) owes its name to the fact 
that with ordinary modes of preparation, and in sections taken in 
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certain planea it appears chiefly composed of & ground substaoce 
which is granular or dotted as if made up of an aggregation of 
molecules. The dots however are the transverse sections of fine 
fibrils, some neuroglial in nature, but the great majority nervous. 
The layer consists of a bed of neiiroglia composed as elsewhere of 
neuroglia fibrils and scattered neuroglia cells, and of nervous 
elements, namely, of the dendrites of the cells of Purkinj^, of special 
cells proper to the layer, each with its dendrites and axon, and of a 
multitude of fibrils proceeding either from the underlying nuclear 
layer or irom the still deeper white matter. The distinguishing 
feature of the layer is the presence of the multitudinous fibrils 
whose section gives the ' molecular ' appearance. 

The nuclear layer (Fig. 128, N), as seen in specimens prepared 
and stained in the ordinary way, appears to consist of a mass uf 
nuclei closely crowded together in a bed of a reticular nature ; and 
since the nuclei usually stain deeply the layer stands out in strong 
contrast to the much less deeply stained molecular layer. Some of 
the nuclei are nuclei belonging to the neuroglia which supports 
the nervous elements, and to the blood vessels which nourish them, 
but the great majority are the nuclei of nerve cells having special 
characters and connections. The silver and the methylene-blue 
methods of preparation have enabled us to recognize that this 
superficial grey matter of the cerebellum, including both the 
molecular and the nuclear layer, consists essentially of different 
kinds of nerve cells possessing special features, and making con- 
nections on the one tiaud with each other, and on the other hand 
with the underlying white matter in a remarkable and intricate 
manner. The keystone of this remarkable arrangement seems to be 
supplied by the cells of Purkinje, and to these we must first turn. 

The cell of Purkinjt? (Fig. 1 28, 1) possesses a large (40 /i by 30 /a) 
flask-shaped body or perikaryon, surrounding a large conspicuous, 
clear, rounded nucleus; it has much the appearance of a large 
ganglion cell. The base of the flask rests on the nuclear layer, 
and from it there proceeds a single axon which, passing through 
the nuclear layer somewhat obliquely, and in its passage acquiring 
a medulla, joins the central white substance as a medullated fibre. 
The cells form in any one section a single layer only, but since 
this covers the nuclear layer over the whole of the lamella, a 
considerable number of the fibres of the white central matter, 
though only a small fraction of the whole, are thus derived from 
these cells of Purkinj^. As it is passing through the nuclear 
layer, and even beyond, the axon gives off fine collaterals which, 
branching extensively, run back into the nuclear and also into the 
molecular layer. The narrowed neck of the flask running outward 
in the molecular layer divides in an arborescent fashion into a 
large number of dendrites, which, spreading out laterally in the 
transverse plane and stretching as far as the surface, ramify 
through the molecular layer, and are eventually lost to view as 
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exceedingly fine fibrils, contributiug to the fibrillar or dotted 
aspect of the molecular layer. 

Specially coniiected with the perikaryonic body of the cells 
of Purkinj(5 are certain conspicuous nerve cells in the molecular 
layer, which may be spoken of aa ' basket- eel Is.' These (Fig. 128, 3), 
which, lying at different levels, are the most numerous nerve 
cells of the layer, possess numerous dendrites, ramifying to some 
distance from the perikaryon. The well-developed axon of each 
cell, running for some distance in the transveree plane more or 
less concentric with the surface of the lamella, sends inwards at 
intervals in succession collaterals, each of which, passing to the 
perikaryon of a cell of Purkinj^, branches out into a sort of 
basket-work (Fig. 1286) closely surrounding it; in this peculiar 
fashion each of these cells forms synapses with a number of the 
cells of Purkinj^. 

No less characteristic are the cells whose nuclei supply the large 
part of the nuclei of the nuclear layer. In each of these (Fig. 12S, 2) 
the perikaryon is slender, and from it spread out, in spider fashion, 
a number of relatively short dendrites, each ending in a peculiar 
arboreacence not unlike a muscle end-plate ; these dendrites supply 
a great deal of what in ordinary preparations appears as a reticular 
bed for the nuclei. The axon runs straight for the molecular 
layer, apparently without giving off any collaterals, and at a varying 
level bifurcates at right angles into two branches (Fig, 128 a) 
which run for a considerable distance in the longitudinal plane, 
also apparently without giving off collaterals, Since these cells 
are very numerous, and the axon of each thus provides two fibrils, 
the molecular layer throughout its depth is traversed by a very 
great number of longitudinally running fibrils; and it is the 
sections of these which chiefiy give rise to the dotted appearance 
BO characteristic of transverse sections. 

These three kinds of cells, those of Purkinj^, the basket-cells 
of the molecular layer, and the cells of the nuclear layer just 
described, may perhaps be regarded as the most important cells; 
but there are others. 

In the molecular layer are cells (Fig. 128, 4) smaller than the 
basket-cells, whose dendrites and axons are both confined to the 
molecular layer, but whose axons though they branch do not bear 
any basket-like terminations. 

In the nuclear layer or on the border of the nuclear and 
molecular layers are relatively large cells (Fig. 128, 6) of the kind 
knowu by the name of the ' cells of GolgL' They are characterized 
by the axon rapidly dividing, soon after it has left the cell, into 
a number of branches in a dendritic fashion. This branched axon 
is directed to and ends iu the nuclear layer, while the dendrites 
lie in the molecular layer. 

The axon of the Purkinj^ cell passes, as we have seen, into the 
white matter forming the core of the lamella to become one of 
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the constituent fibres of the core. But other fibres of the care 
are connected with the grey matter in a different way. Of these 
we can distinguish two kinds. One kind traced from the core 
through the nuclear layer into the molecular layer, there branches 
into a number of fibrils which cling after the fashion of a climbing 
plant round the dendrites of the cell of Purkinj^; this kind of 
fibre has been called the ' clinging' or ' tendril ' fibre (Fig. 128, t). 
The other kind (Fig. 12S, m) ends in the nuclear layer, by dividing 
into a number of fibrils, each of which terminates by an arbor- 
escence in connection with the cells of the nuclear layer, the whole 
ending, having in silver preparations a ' mossy' appearance ; hence 
thia kind of fibre has been called the ' moss ' fibre. 

It is obvious from the above description, though this is by no 
means an exhaustive one, that the arrangements of the nervous 
elements in the superficial grey matter of the cerebellum afford 
opportunity for a most complex play of nervous impulses. Con- 
tinuing to assume that in a nerve cell the usual course of impulses 
is centripetal along the dendrites towards the perikaryon and 
centrifugal along the axon, we may picture to ourselves that 
play somewhat as follows. Impulses from the spinal cord or other 
parts passing along the ' tendril ' fibres affect through synapses 
the dendrites of Purkinj4 cells, and so give rise to new impulses 
which pass away along the axon of the Purkinj^ cell from the 
cerebellum to other parts. This is the simple, short, direct course. 
But other impulses if carried by the ' moss ' fibres, though passing 
in the same direction, would spend themselves on the cells of the 
nuclear layer. The new impulses thus generated would pass into 
the molecular layer and spread along the bifurcating fibrils for a 
long distance in opposite directions in the longitudinal plane. 
Here by the synapses of the longitudinal fibres with the dendrites 
of the Purkioj^ cell, they would affect these cells in a direct 
manner ; at the same time through sjTiap,ses with the basket- 
cells they would affect the same Purkinj^ cells in an indirect 
manner, and since the axon of each basket-cell bears baskets for 
several Purkinj^ cells a number of these Purkinj^ cells would be 
' associated ' in the same event, 

A further complexity of play is afforded on the one hand by 
the cells of Golgi, whose dendrites, lying in the molecular layer, 
pass on and, through the much branching axon, distribute to the 
nuclear layer the impulses so variously excited in that molecular 
layer, and on the other hand by the smaller cells of the molecular 
layer, which taking up impulses by their dendrites in one spot, 
pass them on to oiher parts and other stnictures in the molecular 
layer. 

And it is perhaps worthy of note that all this complex play of 
impulses takes place in a part of the brain, whose functions, what- 
ever they be, are simplicity itself compared with those of the 
cerebral cortex, to which we must now turn. 
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We may here add the remark that the large body of the cell 
of Purkinj^ lies, as indeed do the other nervous elements, in an 
appropriate apace in the bed of neuroglia. Between the surface 
of the cell and the wall of neuroglia is a space, generally so 
narrow as to be potential rather than actual, but which may 
Bometimea be considerable. Whether small or large it contains 
lymph, and the cavity in which the cell lies is in connection 
with the lymphatics of the brain. Elach cell then lies in a 
lymph space; but we merely mention the fact now; we shall 
have to return to the matter when we come to deal with the 
lymphatic and vascular arrangements of the brain and spinal 
cord. 



The Cerebral CorUx. 

§ 649. While the superficial grey matter of the cerebellum 
does not differ strikingly as to its histological features in different 
regions, veiy considerable differences are observed in different 
regions of the cerebral cortex. A general plan of structure may 
be recognized, but as we pass from one part of the cerebral surface 
to another we find modifications continually taking place. We must 
content ourselves here with attempting a description of the general 
plan followed by an indication of the more strilting characteristics 
of certain regions. 

The dominant feature of the mammalian brain is the develop- 
ment of the cortex of the cerebral hemispheres with the underlying 
and contingent white matter, the two constituting what is sometimes 
spoken of as the ' pallium ' ; and in the ascending series of mammals 
tnis pallium becomes more and more dominant, reaching its fullest 
stage in man. In the fish it is hardly more than an extension of 
the ependyma Bnrrounding all the ventricles of the brain ; but in 
the amphibia, for instance in the frog, we may recognize the plan of 
its future structure foreshadowed in a very simple form. In a 
vertical section of the cerebral hemisphere of the frog (Fig. 129) the 
space between the pia mater and the ciliated epithelium lining the 
ventricle is occupied by two layers, one Buperficial and thin, con- 
sisting of many fibres and few cells, the other deeper and thicker, 
consisting of many cells and few fibres ; and a very similar arrange- 
ment obtains in the embryonic mammalian brain at a certain stage. 
The former thin superficial layer, which subsists as a distinct layer 
in the brains uf all the higher animals, has been called the 
' molecular layer ' ; the latter, which in higher animals is differ- 
entiated into several layers, may be called at first simply " the layer 
of cells," The molecular layer consists largely of branching fibres 
and fibnis, whose sections as in the molecular layer of the cerebellum 
give rise to a dotted or " molecular" appearance. Among these are 
scattered a few cells whose branches whether dendrites or axons 
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run for the most part in a longitudinal direction. The cells forming 
the underlying '* layer of cells " are to a large extent cells atill in 
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the simple epithelial stage, out of which as we have seen (§ 563) 
all the cells of the central nervous system are developed ; these 
have not as yet become differentiated into distinctly nervous cells. 
Among them however are a number of cells with obvious nervous 
characters ; and these are of more than one kind. Some of them 
resemble the cells which we shall presently apeak of as ' pyramidal ' 
cells, in so far as that their dendrites which nm up towards and 
largely end in the molecular layer, bear short tooth or bristle-like 
processes giving them, in silver and methylene blue preparations, 
a very characteristic appearance. In the case of many of these 
cells, the axon, bearing collaterals, turns back and so running up 
enters the molecular layer {Fig. 129, b). In the case of othern, 
fewer in number, the axon is directed downward and taking up a 
position just above the epithelium of the ventricle runs backward 
to other parts of the brain (Fig. 129, c); it thus helps to form 
the rudiment of the future white matter of the hemisphere. 
Other cells again, like the cells of Golgi elsewhere, possess not 
a long axon but a short and much branched one which is usually 
directed upwards towards the molecular layer, the dendrites 
spreading m the opposite direction (Fig. 129, d). Lastly seme 
of the epithelium ceils, losing their cilia and becoming so far 
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inert, develope their cell body into branches which spread upwards 
throueh both layers to the surface, and ao form a supporting 
scaffold for the other elements (Fig. 129, n); these are neuroglia 
cells. 

As we pass upwards through the scale of animals we find that 
the molecular layer, though increasing in complexity, is not greatly 
altered. The layer of cells on the contrary becomes largely modified. 
Alt the cells composing it become definitely developed into either 
nerve cells or neuroglia cells, and into many different kinds of ner\'e 
cells in such a way that the single layer obtaining in the frog is in 
the mammal differentiated into several layers. Many of the cells 
continue to send their axons in an ascending direction to or towards 
the molecular layer ; but an increasing number, taking on as we 
shall see the definite characters of pyramidal cells, send their axons 
in a descending direction and thus increase the white matter 
underlying them ; this increase is further assisted by the growth 
of axons coming from cells in other parts of the brain, and ending 
in the cortex. Put briefly the development of the cortex, or rather 
of the pallium, in the animal series (and the embryonic develop- 
ment in the individual affords a close parallel) consists on the one 
hand in the multiplication and differentiation of the cells in what 
we have called in the frog the layer of cells, and on the other in 
the establishment of ties in the form of fibres between these cells 
and cells in other parts of the central nervous system, either in 
other divisions of the brain or in the spinal cord or in other areas 
of the cerebral hemispheres ; as we have seen the great pyramidal 
tract is in man the last such tie to be formed. The superficial 
molecular layer though making its appearance at the first, and 
always remaining of great importance, becomes, owing to the greater 
development of the underlying parts, relatively less in the higher 
animals. 

Turning now to the mammal, we may say that the cortical 
grey matter, having, in man, an average thickness of about 
3 mm., but varying considerably in different regions from I'S mm. 
in some parts of the occipital lobe to i'S at the dorsal summit of 
the precentral convolution, is, like other grey matter, composed of 
nerve cells, and of nerve fibres and fibrils supported by neuroglia. 
The nerve cells are scattered, and appear, in sections prepared in 
the ordinary way, to be imbedded in, and separated from each 
other by a not inconsiderable but variable quantity of somewhat 
peculiar ground substance, not unlike that which forms so large a 
part of the molecular layer of the cerebellum. Part of this ground 
substance, which apparently is not confined to any particular layer, 
but stretches throughout the thickness of the cortex, is undoubtedly 
neuroglial in nature,»but part, and the greater part, is nervous 
in nature; it is largely composed of fine fibrils traversing it in 
various directions, the transverse sections of these fibrils giving it 
« characteristic dotted or "molecular' appearance ; and the majority 
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of these fine fibrils are nervous in nature, the remainder being 
neuroglial fibrils. It is, to a much greater extent than is the 
molecular layer of the cerebellum, traversed by meduliated nerve 
fibres, especially by fine meduliated fibres. 

The nerve cells imbedded in this ground substance in more or 
less distinct layers are of various kinds. The most conspicuous, 
abundant and characteristic nerve cells found iu the cortex of 
all regions of the cerebrum, are those which from their sliape 
are called pyramidal cells. These vary much in size and have 
been distinguished as 'small pyramidal ' cells averaging 12 ^ in 
length by 8 ^ in breadth, and ' large pyramidal ' cells, sometimes 
called ' ganglionic cells.' of which the medium size is about 40 ^ in 
length by 20 /* in breadth. Some of the large kind, occurring in 
special regions, are of very great size, 120 ^ by 50 m. find have 
been called 'giant cells.' 

The features of a 'lai'ge pyramidal' cell (Fig. 130) are very 
characteristic. Such a cell appears in a well-prepared vertical 
section of the cortex as an elongated isosceles triangle placed 
vertically, with the base looking towards the underlying white 
substance and the tapering apex pointing to the surface. The cell 
substance is finely granulated or fibrillated, the fibrillie sweeping 
round in various directions. As in the case of many other nerve 
cells, parts of it, staining more deeply with ordinary staining re- 
agents than the rest, are disposed in masses of a more or less 
spindle-shape, the so-called chromatin spindles (Fig. 130, c/tn &c.); 
it ako not unfrequently contains definite pigment granules. In 
the midst of this cell substance rather near the base lies a lai'ge, 
clear conspicuous round or oval nucleolated nucleus. At the base 
the cell substance is prolonged into a number of processes. One 
of these, generally starting from about the middle of the base, may 
be recognized as the axon (Fig, 130, a) ; the fibre to which it gives 
origin sweeps with a more or less curved course into the subjacent 
white matter. Its further course is varied ; it may pass to lower 
parts of the brain as a " projection " fibre may for instance 
become a fibre of the pyramidal tract, or it may pass by the 
corpus callosum to the cortex of the opposite hemisphere as 
a " commissural " fibre, or it may pass to another area of the cortex 
of the same side as an " association " fibre. It generally gives 
off collaterals, and these may have a difl^erent destination from the 
fibre itself, some trendbg back at once to the same area cortex, or 
for instance passing to another area of the same cortex or to the 
opposite cortex, while the fibre itself joins the pyramidal tract or 
passes at least to other parts of the brain. In some instances, 
again, the axon bifurcates and so gives rise to two fibres which 
pass to different destinations. The other processes from the base 
are dendrites, basal dendrites (Fig. 130, d), which, rapidlv branching 
into fine fibrils, are soon lost to view in the grouncl substance. 
The apes of the triangle is developed into a dendi'ite, apical 






Pio. 130. DiAouu or t pTuam Cell. 
with coll. collateral, d. b. bawl deudrilee. d. ap. apical dendritea. 
chr. chr'. chr". the three kinds ol ehromatin spindles in the perikftrjaa. 

71—2 



1108 THE CEREBRAL CORTEX. [Book hi. 

dendrite (Fig. 130, d. ap.), of characteristic features. Kunning 
straight upward towai-da the surface for a considerable distance, 
and in the majority of cases reaching the superficial molecular 
layer, to which we have already alluded and of which we ahall 
presently speak in detail, it ends in a number of branching fibrils, 
having along its course given off a sparse but variable number of 
lateral branches. The whole apical dendrite, especially in its 
terminal portions, is marked by minute tooth-like or bristle-like 
lateral projections, which, in silver and methylene-blue preparations, 
give it a very notable appearance. It is perhaps worthy of note 
that this apical dendrite makes its appearance early in the animal 
scale ; it is seen for instance in the frog though the basal dendrites 
are here as yet absent. The whole cell lies in a cavity of the 
ground substance which it appears normally to fill, but from the 
walls of which it sometimes shrinks, developing between itself and 
the wall of the cavity a apace which may contain not only lymph 
but occasionally leucocytes. In prepared specimens the retraction 
within its cavity of the artificially shrunken cell may be often 
obsei-ved. 

The 'small pyramidal' cells have much the same features 
though these naturally ai'e not so distinct; that is to say, each 
cell is characterised by its pyramidal form, by its vertical position, 
and by the possession of branching dendrites, both the characteristic 
apical one and the basal ones, and of a basal axon which, directed 
downwards, appears to bear fine collaterals. 

Another less abundant but still fi-equent kind of cell is one which 
from the variabilitj' of its shape has been called the polymorpKoua 
cell (Fig. 131 P). It is not unfrequently spindle-shaped, lying with 
its long axis more or less concentric with the surface of the cortex, 
and has then been called a ' fusiform ' cell ; but it may assume a 
variety of forms. It is most abundant in the deeper portions of 
the cortex. Besides differing from the pyramidal cell, in not 
possessing a pyramidal form, with apical and basal dendrites, it ia 
further distinguished by the fact that its dendrites, though they 
are dii'ected largely upwards, do not, like the apical processes of 
the pyramidal cells, reach the superficial molecular layer. The 
axon like that of the pyramidal cell sweeps down into and according 
to some observers becomes a medullated fibre of the underlying 
white matter ; but this is asserted not to be the case at least in all 
the cells. 

While all the pyramidal (and possibly the polymorphous cells), 
and these form the greater part of the cells, send their axons down 
into the imderlying white matter, other cells are present whose 
axons take the opposite direction. Amoug these two kinds can be 
distinguished. One is the cell of Martinotti (Fig. 131, }iT), whose 
dendrites spread out in the usual way from the perikaryon and whose 
axon, acquiring apparently a medulla, rises up towards the suriace, 
giving off collaterals and ends, in most cases at least, by branching 
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in the superficial molecular layer. The other ceil is the cell of 
Golgi (Fig. 131, G), the axon of which, though trending upwEirdK, 
here as elsewhere rapidly divides into a targe number of relatively 
short branchea, apparently without acquiring a medulla. 

Lastly, there occur, especially in the auperticial molecular layer 
of animals at leaut, if not of man, cells (Fig. 131 c), sometimes 
stellate or ' polygonal ' but more frequently ' fusiform ' and disposed 
horizontally, bearing a number of processes so much alike, that it 
has been debated whether any of them, and if so which, are 
axons, or whether all of them are dendrites. These have been 
called ' pluripolar ' cells. 

In addition to these several kinds of nerve cells, there are 
scattered through the cortex, and especially abundant in the 
superficial layer, branched cells which are neuroglial in nature. 

The meduUated nerve fibres which take part in the cortex may 
be considered provisionally as forming two categories. In the 
first place fibres sweep up vertically into the cortex from the 
subjacent 'central white matter,' taking at first a curved course as 
they enter into the grey matter and then appearing to run straight 
towards the surface. These are arranged in the deeper levels 
in bundles, the ' medullary rays ' (Fig. 131, m. r.), leaving vertical 
columns of the grey matter between them ; but at more superficial 
levels the bundles spread out and are gradually lost to view. Some 
of these fibres are the axons of the pyramidal and polymorphic 
cells, and may be presumed to be engt^ed in carrying impulses 
from the cortex through the white matter to one or other of the 
destinations mentioned above. Others, however, are axons or col- 
laterals of axons which have come from cells situate either in other 
parts of the brain, in the optic thalami for instance, or in the 
cortex of the opposite hemisphere, or in some other area of the 
cortex of the same side. These may be presumed to be engaged 
in carrying impulses to the cortex. They end in various depths of 
the cortex but largely in the superficial layer. 

In the second place, besides these vertical fibres of the ordinary 
meduUated kind, an exceedingly large number of fibres of the 

Gculiar fine meduUated kind, many of them being probably col- 
^rals, run in various directions, farming a dense network in the 
ground substance of the grey matter between the cella We may 
add that this system of fine meduUated fibres is of late growth 
and is not fully developed in man until adult life. 

Many of the meduUated fibres, coarse as well as fine, take a 
horizontal direction parallel to the surface, and in certain regions 
are specially developed into a layer or into two layers so as to 
form a honzontal streak or streaks, one being sometimes called 
'Gennari's' and the other ' Baillarger's' band (Fig. 131, i/ and i). 
The vascular pia mater invests closely as we have said the 
whole surface of the cortex, dipping down into the sulci ; and from 
it, as in the case of the spinal cord, processes carrying blood vessels 
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and bearing lymph spaces pass inward.'? to supply the grey matter 
with blood. But while, as we shall see later on, the supply of blood 
vessels to the grey matter is considerable, the tnily connective 
tissue elements of the pia mater processes are soon merged into 
neuroglia. Immediately beneath the pia mater forming the im- 
mediate surface of the cortex is a thin layer consisting of neuroglia 
only. 

§ 660. The nerve cells of the above several kinds are arranged 
more or less distinctly in layers parallel to the surface, so that the 
whole thickness of the cortex may by means of them be, more or 
less successfully, divided into a series of zones, one above the other ; 
and we may, as we have said, i-ecognize on the one hand a general 
arrangement common to the whole surface, and on the other hand 
modifications existing in the several regions. The most satisfactory 
division is probably that into three zones or layers, though four, 
five or even more have been described. These layers are usually 
counted from the surface inwards. 

The third layer (Fig. 131. III.), lying next to the central white 
matter, fairly uniform m characters and thickness (about 1 mm.) 
over the greater part of the brain is characterized by the presence 
of somewJnat sparsely scattered poli/morpliotis cells, though other 
cells are present ; hence this layer is frequently called " the layer 
of polymorphous cells." It is broken up into vertical columns by 
the bundles of vertical fibres, and its demarcation from the white 
matter below is somewhat indistinct owing to the fact that in the 
brain the white matter, especially that lying beneath the cortex, 
contain.s cells and small groups of cells lying between the bundles 
of fibres to a much greater extent than does the white matter of 
the spinal cord. The upper portion of this layer is the most usual 
situation for the Golgi cells with short branching axons. 

The second layer (Fig, 131,11.), lying above the preceding, varies 
much more both in thickness (2 mm. to 1 mm.) and in its characters. 
It is marked in its lower part by a horizontal streak (BaiUarger's 
band. Fig. 131 t) due to numerous, mostly fine, medullated fibres 
running horizontally. In the cortex of the Island of Reil, this 
horizontal layer is developed into a conspicuous sheet of medullated 
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fibres, separating the third and second layers by a distinct iuten-al 
of obvious white matter. The third layer, of polymorphous cells, 
thus detached from the i-est of the cortex is what is called the 
clan^trum (Figs. 119, 120, &c., cl). 

The distinguishing feature of this second layer is the presence 
of the characteristic pyramidal cells ; hence this layer is frequently 
called " the layer of pyramidal cells." The cells are usually scattered 
but are here and there gathered into small groups. Some of the 
cells are 'large pyramidal' cells, others 'small pjTamidal' cells, 
and yet others of a size which may be called medium. The large 
cells are found in the lower part of the layer, and the small cells 
are most abundant in the upper part; hence the whole layer is 
sometimes divided into a lower layer, in most regions narrow 
(65 mm, to "10 mm.), of large, and an upper layer, in most regions 
wider (r75 mm. to "5 mm.), of small pyramidal cells, in which 
case the polymorphous layer is counted as a fourth layer, suc- 
ceeded by a third and second. Others again would dinde 
the whole pyramidal layer into three layers, the lowermost being 
characterized by the presence of large cells, the middle by that 
of medium sized cells, and the uppermost consisting exclusively 
of small cells, these being closely packed together ; but any 
distinction which may be made between the different parts of 
the whole layer is far less obvious than the distinction between 
the layer as a whole, and eitber the polymorphous layer below 
and the layer above of which we have to speak ; and it is 
best perhaps to consider it as one layer, the layer of pyramidal 
cells. The lower part of the layer, like the polymorphoua layer 
below, is split up into columns by the medullary rays of vertically 
disposed hbres; but these medullaty rays diminish upwards (or 
increase downwards), the constituent fibres spreading away fi-ora 
the ray into the columns of grey matter, so that in the upper part 
of the layer the rays are far less distinct. This dispersion of a 
medullary ray will readily be understood if it be remembered that 
the fibres constituting it are on the one hand the axons of pvTa- 
midal (and other) cells, on their way to the white matter, and on 
the other hand axons of cells in distant parts on their way to 
terminate by synapses in some part or other of the cortex. At 
about its middle the layer is marked by a second streak of hori- 
zontal fibres, Geunari's band (Fig. 131 y). 

The first and most superficial layer (Fig. 131,1.), is characterized 
by the predominance of the molecular ground substance, the cells 
being few and far between, and hence is called the violecular layer. 
The ground substance itself seems to be more largely neuroglial 
in nature than in the other layers containing a large proportion 
of neuroglial cells, and, as we said above, its extreme surface ap- 
pears to be furnished by neuroglia alone. Nevertheless the fibrils 
which traverse it and which give to sections of it the ' molecular ' 
appearance are to a very large extent fibrils nervous in nature. 
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Many of these fibrils are either the dendrites or bi'anchiDg axons 
of the peculiar fiisifomi horizontally disposed cells which, as we have 
a&id, lie scattered in this area. But othei-s, and indeed the majority, 
are on the one hand the temiinalione of the apical dendrites of 
the pyTamidal cells, both large and small, and on the other hand 
the terminations of axons either of cells in the lower layer of the 
same cortex (cells of Martinotti with ascending axons) or of cells 
sitnate in other parts of the brain, the latter reaching the mole- 
cular layer after traversing the underlying parts of the cortex in 
the medullary rays, whose tapering summits may be traced into 
this layer. The molecular layer as a whole may in fact be 
considered as a dense mass of sv-napsea. It is not however the 
molecular layer alone which is the seat of synapses ; throughout 
its whole thickness the cortex may be regarded as an area of 
synapses. And this perhaps is its dominant feature; to this 
however we shall return. 

§ 661. The general arrangement just described varies, as we 
have said, in different regions of the cerebral surface. We must 
content ourselves here with pointing out the characteristics of two 
or three important regions. 

The region which we have (§ 632) called the ' motor area ' or 
'region,' is characterized on the one hand by the great thickness 
of the second layer, or layer of pyramidal cells, as well as by the 
number and size of the cells contained in it, and on the other 
hand and especially, by the prominence in its lower part of 
remarkable clusters of very large pjTamidal cells, of the kind 
which are referred to above (§ 6+9) as being frequently called 
' giant ' or ' ganglionic ' cells. Such cells are very common in the 
upper part of the precentral and at the summit of the postcentral 
convolution, and in the paracentral lobule, acquiring their greatest 
size at the top of the precentral convolution. 

The occipital region is characterized by the prominence of the 
smallest pyramidal cells. These not only form in this region 
a distinct division of the lower depths of the second layer, below 
the larger pyramidal cells, but are also conspicuous at other 
depths, their arrangement being such that some authors have 
been led to divide the cortex of this region into seven or even 
eight layers. In the present state of our knowledge we may 
be content with insisting that the great mark of this occipital 
region is the abundance of these smalleat pyramidal cells, whereby 
the larger pyramidal cells seem to be made less conspicuous. It 
is worthy of notice however that in the lower part of the second 
layer a few cells of very large size are met with, which bv their 
large and numerous dendrites and conspicuous axon resemble the 
large pyramidal cells in the motor region ; hut it should be noted 
that while these large cells occur (at least in man and in the 
monkey, though not in some of the lower animals such as the rabbit) 
in very definite clusters in the motor region, they occur singly in 
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the occipital region. In this occipital region the layer of horizontal 
fibres (' Qennan'e band ') in the second layer is very conspicuous, 
and owing to the number of ordinary medullated fibres present 
forma a white streak visible even to the naked eye. 

In the frontal region, in front of the motor region, the aiTange- 
ment is more in accordance with what we have described as the 
general plan. The layer of large pyTamidal cells is much tbirmer 
than in the motor region, while the layer of polymorphous cells is 
thicker than elsewhere. Very small pyramidal cells are perhaps 
more abundant in this region throughout all layers than in the 
motor region, but are far less conspicuous than in the occipital 
region. 

We may here remark that the transition in structure from one 
region to another is very gradual, not sharp and distinct, and is 
perhaps especially gradual in passing from the motor region 
backwards to the occipital region. It is not possible to recognize 
histologically the limit, for instance, of the motor region as 
determined experimentally. 

In special regions of the brain, for instance in the olfactory 
bulb, of which we shall speak later on, very great modifications 
of the general plan may be observed in the cortex. We cannot 
enter upon these but may just refer to the comu ammonis or 
hippocampus. At the ventral end of the temporal lobe, the gyrus 
hippocampi, the structure of whose cortex follows the general plan, 
is thrust inward so as to project into the cavity of the descending 
horn of the lateral ventricle, forming the ridge-like prominence 
known by the above name. The substance of the eornu ammonis 
is therefore cortical substance covered on the side of the ventricle 
by a thin prolongation of the central white matter, which is in 
turn covered by the ependyma lining the ventricle. A vertical 
section of this substance shews that while the polymorphous layer 
is reduced to small dimensions, the second layer, that of pyramidal 
cells, especially of the large ones, though narrow, is well developed. 
The cells are large and remarkably long; the apical dendrites 
are arranged so regularly as to give rise, especially in stained 

Preparations, to a marked radiate appearance, and the basal 
endrites are almost as well developed as the apical ; iu fact 
these cells are more richly supplied with dendrites than are any 
other known cells. The axon usually arises from the root of one 
of the basal dendrites. At the upper part of the second layer 
there occurs a large development of capillary blood vessels and a 
scarceness of cells, giving rise to a ' lacunar ' appearance ; and the 
first or molecular layer is of some considerable thickness. 

§ 662. In attempting to review the salient features of the 
cerebral cortex we may perhaps repeat what we said above. 
namely, that it is essentially an area of multitudinous sjTiapBcs. 
In speaking of the cerebellum we said that the cell of Purkinj^ 
might be regarded as the keystone of an arch of manifold 
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synapses; and perhaps, much in the aame way, the pyramidal 
cell may in the cortex be looked upon as the keystone of synapses 
Btill more manifold and far more important. Assuming that in 
its ordinary labours the pyramidal cell sends impuliws from itself 
along its axon, those impulses are the offspring, directly or in- 
directly, of other impulses breaking like waves on the spreading 
basal dendrites, on the lateral branches of the apical dendrite, 
and esttecially on the endings of the apical dendrite in the 
molecular layer. And these advehent impulses, whether they 
stir up to activity a previously quiescent cell, or modify a pre- 
existent, possibly m some cases a so-called automatic activity, may 
reach the cell from many .sources. They may travel to it along 
the axon or the collateral of an axon, reaching the area of cortex 
in which the cell in placed from the underlying white matter, and 
as we have seen, passing into that white matter from different 
regions, from another district of the cortex of the same hemisphere, 
from the opposite hemisphere or from one or other of the various 
areas of grey matter in the other parts of the brain which send 
fibres to the cortex. Further, the impulses may reach the pyra- 
midal cell along the axons of other cells in the cortex, for instance 
in the deeper parts along an axon of a cell of Martinotti, or along 
the branches of the axon of a celt of Oolgi, and in the superticiai 
molecular layer along the axon of a phiripolar cell. If, a» some 
think, the axon of a polymorphous cell is not always directed 
to the underlying white matter but may, in certain cases at least, 
ascend and form synapses in the cortex, another channel for 
advehent impulses is disclosed. If we may assume, and we seem 
entitled to do so, that each single fibril into which an axon divides 
or which it gives off may carry an impulse of its own, the variety 
of ways in which even a single pyramidal cell may be affected, 
seeing how many fibrils and of what varied origin bear upon it, 
must be exceedingly great, and the consequent activity of the 
cell exceedingly varied. 

Lcroking now at the pyramidal cell from another point of view, 
namely that of its axon, bearing in mind that the axon even if it 
does not divide alone its course may bear numerous collaterals, we 
see that the cell may,Dy the endings of the trunk or of the collaterals, 
affect many different structures and produce very different effects. 
In this connection it is well to bear in mind that in some cases 
the collaterals which the axon gives off soon after leaving the cell 
run back into the cortex, ana hence the impulse starting from 
a pyramidal cell may react on the very area of cortex from which 
it sprang. 

The division of pyramidal cells into large, medium sized and 
small, does not appear a very satisfactory one. It may indeed be 
that all the pyramidal cells are alike as regards their intrinsic 
powers, and that the larger ones differ from tne smaller ones only 
— that they are larger oecausc they have to uphold and govern 




1116 



THE CEREBRAL CORTEX. 



[Book i 



the nutntiou of a longer stretch of axon. But it may also be, and 
perhaps we may say probably ie the case, that apai-t from aize the 
pyramidal cells do differ from each other, and that we raay here- 
after have to distinguish different kinds. If that be so, the 
potentialities of complexity are still greater. 

Assuming the common opinion to be correct that the poly- 
morphous cells send their axons into the white matter, thence 
to pass as white fibres to diverse destinations, we may regard 
these as a set of organs different from the pyramidal cells and 
played upon through synapses different fi'Dm those proper to the 
pyramidal cells. If this be so, we hardly doubt out that the 
actions of the two sets are in some way or other coordinated. And, 
in relation to this, we may remark, repeating to a certain extent 
what we said in dealing with the spinal cord, that even making 
every allowance for diversity in the several cells of intrinsic powers 
determined by the innate quahties of cell substance, assuming 
that if two identical impulses impinge in the same manner on two 
pyramidal cells, or on a pyramidal cell and a poljTnorphous cell, the 
result will be different m the two cases, in consequence of the 
intrinsic nature uf the cell, we may still conclude that the com- 
plexity of the manifestations of the cortex is also in large measure 
due to each cell being the nodal point of many possible lines of 
action, and so subject to numerous combinations of influences. 
We may add that each such nodal point is a unit in a system 
of nodal points, and each system may be in turn swayed by diverse 
impulses. In the play of multitudinous impulses, reaching it 
directly or indirectly from all parts of the rest of the nervous 
system and so from all parts of the body, more perhaps than in 
the molecular nature of its substance, lies the special prerogative 
of the cerebral cortex. 

Lastly, we must remember that, as we have already urged, 
though much may be said for the assumption that in a nerve cell 
impulses usually pass along the axon from the perikaryon and 
along the dendrites to the perikaryon, we have no right to assume 
that impulses or influences never pass in the contrary direction. 
We have perhaps less right to assume this in the case of the 
nerve cells of the cortex than in the ease of other nerve cells. 
And, if we reject the assumption and admit that an event started 
in the endings or along the course of an axon may influence in a 
backward direction the cell, including its dendrites, from which it 
springs, the significance of the multitudinous connections on which 
we have been dwelling becomes still more striking. 

In this relation it may be worth while to call to mind the 
peculiar features of the growth of the brain, and especially of the 
cortex and its belongings. In one respect the brain of the infant 
is less mature than is any other part of the body, the structural 
development which it undergoes from birth to adult age is more 
marked than in other tissues. In another respect its growth 
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throughout life ia much more limited than that of other tissues, 
lu other tissues old cells die, new ones taking their place, and loss 
by iiijurj' or disease is eoou repaired by the formation of new but 
identical tissue. In the brain, and indeed in the whole central 
nervous aystem, this is not the case. A piece of the brain or 
of the spinal cord once lost, is lost for ever. Put in another way 
this means that after a certain epoch, and th» epoch seems to be 
late intrauterine life or quite early infancy, the installation of the 
nerve cells of the central nervous system is complete, no more 
new cells are formed. The growth which follows this epoch 
consists exclusively in the development of the existing units, 
in the amplification and extension of dendrites and axons, and 
in the expansion of nuclei and perikaryons of cells already laid 
down, not in the addition of new units. And what is lost by the 
deprivation of acquiring new cells is made up for, perhaps more 
than made up for, by the remarkable power which the nerve cell 
possesses on the one hand of growing with the growth of the 
body, and on the other of repairing itself after injury, as seen 
in the section of nerves, the latter power being retained to the 
extreme limits of old age. Further, that dependence of growth 
on the stimulus of environment and circumstance, which is seen 
more or less obscurely in other tissues, as when the muscle 
strengthens by exercise, is conspicuous in the cerebral nerve cells. 
Shut off from all opportunity of reproducing itself and adding to 
its number by mitosis or otherwise, the nerve cell directs its pent 
up energy towards amplifying its connections with its fellows, in 
response to the events which stir it up. Hence it is capable of an 
education unknown to other tissues. 

One of the more easily recognized tokens of the growth and 
development and the consequent full functional activity of a nerve 
cell is the deposition of medulla around, the myelination of, the 
axon and its branches ; we may assume that an axon, so long as 
it has not acquired the medulla which is proper to it. though it 
may. like a non-medu Hated fibre, be capable of carrying impubes 
of a certain kind, is not in the full enjoyment of all its powers. This 
rayelbation is especially late in the cerebral hemisphere and 
continues to advance here long after it has ceased elsewhere. 
At birth no medullated fibres are present at all in the cortex 
itself, and the only part beneath the cortex, where the white 
matter is really white, that is, contains medullated Hbres. is the 
motor area. We have seen that in the spinal cord the part which 
is the last to acquire its medulla is the pyramidal tract ; but this, 
when it reaches the cerebral hemisphere, finds itself among fellows 
all later in this respect than itself with the exception of the fibres 
connected with the same area as itself but conying impulses to 
instead of away from it ; these afferent fibres as we have already 
said become myelinated a little earlier than the efferent fibres 
which constitute the pyramidal tract. We may look upon all the 
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period antecedent to myelination as a period during which the 
growth of the axon, its extension and the putting forth of 
collaterals is going on actively, though not necessarily to cease 
with the completion of myelination ; and in this respect it is 
worthy of notice that the region of the hemisphere which is the 
last in which the fibres put on their medulla, is the frontal region 
from which, as we shall see. rough experimental examination can 
elicit no definite response as it can in the parietal and even in the 
occipital region. Broadly apeaking the ' projection ' fibres both 
efferent and afferent, those which put the cortex in connection with 
lower parts of the brain, and so with the motor and sensory organs 
of the body, are myelinated fii-st ; the ' association ' fibres, those 
which bring parts of the cortex itself into mutual connection, are all 
myelinatetf later. It is further worthy of notice that in man the 
whole of the motor area does not become meduUated uniformly 
at the same time. Cores, so to speak, of medullated fibres make 
their appearance, each surrounded by a zone in which myelination 
takes place more tardily. This we may interpret as meauing 
that certain main connections between the cells in a special part 
of the cortex and distant structures are laid down first, and 
subsidiary connections established later; and it is open for us 
to suppose that these subsidiary connections are especially in- 
fluenced by what we call education. 




SEC. 7. ON VOLUNTARY MOVEMENTS. 



§ 653. When we examine ourselves we recognize cei'taiu of 
our movements as ' voluntary ' ; we eay that we caiTy them out by 
an effort of the ' will.' And when we witness the movements of 
other people or of animals we regard as also voluntary such of 
those moveroeats us by their characters and by the circumstances 
of their occurrence seem to be carried out in the same way as 
our own voluntary movements. Even in the case of some of our 
own movement* we are not always clear whether they are really 
voluntary or no ; and in the case of other people and of animals it 
is still more difticult to decide the question. It would be out of 
place to attempt to discuss here how voluntary movements really 
differ from involuntary movements, or in other words, what is the 
nature of the will ; we must-be content to take a somewhat rough 
use of the words ' voluntary,' ' volitional,' and ' will ' as a basis for 
physiological disciiBsion. We may however remark that so far aa 
the muscular side of the act, if wc may use such an expression, is 
concerned, a voluntary movement does not differ in kind from an 
involuntary movement, It is perfectly true that a skilled man 
may by practice learn to execute muscular manceuvres which he 
would not have learnt to execute had not an intelligent volition 
been operative within him ; but our own experience teaches us that 
many more or less intricate movements which have undoubtedly 
been learnt by help of the will may be carried out under circum- 
stances of such a kind that we feel compelled to regard them as, 
at the time, involuntary ; and it may at least be debated whether 
every movement which we can carry out, by an effort of the will, 
may not appear under appropriate circumstances as part of an 
involuntary' act. In the case of the lower animals, in the frog 
deprived of its cerebral hemispheres for instance, we have seen 
that voluntary differ from involuntary movements, not by their 
essential nature but by the relation which their occurrence bears 
to circumstances. We have therefore to seek for the distinction 
between voluntarj- and involuntary, not in the manner in which 
the muscular and nervous components of a movement are co- 
ordinated, but in the nature of the process which starts the whole 
act. 
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The histories, related in a preceding section, of various animalti 
deprived of their cerebral hemispheres, while they have further 
shewn the difficulty of drawing a sharp line between the presence 
and absence of volition, such as when we appeal to our own 
consciousness we seem able to draw, have taueht us that in a 
broad sense the presence of volition is, in the higher vertebrata, 
dependent on the possession of the cerebral hemispheres ; and we 
have now to inquire what we know concerning the way in which 
the cerebral cortex, for this, as we have seen, is the important 
part of the cerebral hemisphere, by the help of other parts of the 
nervous system cai-riea out a voluntary movement. 

§ 6M. With this view we may at once turn to the results 
of experimental interference with the cortex. When the surface 
of the brain is laid bare by removal of the skuU and dura mater, 
mechanical stimulation of the cortex produces little or uo effect, 
thus affording a contrast with the results of mechanically stimu- 
lating other portions of the brain, or other nervous structures. 
And for a long time the cortex was spoken of as insensible to 
stimulation. When, however, the electric current is employed, 
either the make and break of the constant current, or the more 
manageable interrupted current, very marked results follow. It ia 
found that certain movements follow upon electric stimulation of 
certain regions or areas. The results, moreover, differ in different 
animals. It will be convenient to begin with the dog, on which 
animal the observations of this kind were first conducted. 

When the surface of the dog's biuin is viewed from the dorsal 
surface a short but deep sulcus is seen towards the front, running 
outwards almost at right angles from the great longitudin^ 
fissure; this is called the crucial sulcus (Fig. 132), the gyrus or 
convolution in front and behind it, and sweeping round its end 
being called the sigmoid gyrus. It will hardly be profitable to 
discuss here either the homology of this sulcus or the names of 
the other sulci and convolutions of the dog's brain. We mention 
this sulcus because it is found that stimulation of the cortex in a 
region which may be broadly described as that of the neighbour- 
hfjod of this crucial sulcus gives rise to movements of various parts 
of the body, whereas stimulation of other parts of the cortex 
either gives rise to no movements at all, or, if it does produce 
them, does so less certainly. 

The region of the cortex in the neighbourhood of the crucial 
sulcus has therefore been termed an ' excitable ' or ' motor ' 
region. Stimulation of particular districts or areas of the region 
leads to particular movements carried out by particular muscles. 
For instance, stimulation of the more median parts of the gyrus 
behind the crucial sulcus (Fig. 132 JJ) leads to movements of the 
hind limb, whereas stimulation of the lateral part or outer end of 
the same gyrus leads to movements of the fore limb, and we may 
here distinguish between an area stimulation of which (Fig. 132+) 
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leads to flexion of the fore limb, and an area (Fig. 132 -^) stimula- 
tion of which leads to extension of the same limb. In a aimilar 
way Btinmlation of other areas within the ' motor ' region leads to 
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movements of this kind or of that kind of the tail, of the eyes, 
of the mouth, of other parts of the face, of the tongue, and so on. 
Obviously in the dog this region of the twrtex has connections 
with the skeletal muscles which do not obtain between other 
regions of the cortei and those muscles ; and further, the region 
in question is topographically differentiated, so that certain areas 
or districts of tne region are specially connected with certain 
skeletal muscles or groups of muscles. We may speak of a 
' localisation of function ' m this region and in the several areas 
within the region as compared with each other. 

The muscles which are thus thrown into contraction are the 
muscles of the opposite side of the body, When ' the fore limb 
area,' as we may call it, of the right hemisphere is stimulated, it 
is the left fore limb which is moved ; and so with the other areas ; 
it is only in exceptional cases, as in certain movements of the eyes, 
that the effect is bilateral ; a movement confined to the same side 
as that stimulated is never witnessed. 

The results are most clear when the current employed as a 
stimulus is not stronger than is just sufficient to produce the 
appropriate movement (roughly speaking a current just perceptible 
' ' ' tongue of the operator is in orainary cases a useful one). 
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and when the cortex is in good nutritive conditiou. In any ex- 
periment the results obtained by the earlier stimulations, soon 
after the cortex has been exposed, are the more precise ; after 
repeated stimulations the surface is apt to become hypersmic, 
and it is then frequently observed that the movements resulting 
from the stimulation of a particular area are not confined to the 
appropriate muscles, but spread to the corresponding muscles 
of the opposite side, then to muscles connected with other 
cortical areas, and at last to the muscles of the body generally ; 
at thesame time the movements lose their distinctive purpose^I 
character and the animal is thrown into convulsions of an epilepti- 
form kind, It not unfrequently happens that an experiment has 
to be stopped in consequence of the onset of these epileptiform 
convulsions. The response of movement to stimulation may be 
observed while the animal is under the moderate influence of an 
anaesthetic, but a too profound ansesthesia lessens or annuls the 
effects. 

In order to carry out a closer analysis of the phenomena it is 
desirable to watch or record the contraction of a particular group 
of muscles, or perhaps better still a particular muscle, e. gr. the 
area for extension of the hind limb may be studied by help of the 
extensor digitorum communis of the limb. When this is done 
the following important facts may be observed. The area of 
cortex having been found which gives the best movements, and 
the stimulus being no stronger than is necessary, isolation of the 
area from its lateral surroundings by a circular mcision earned to 
some little depth will not prevent the development of contractions 
in the muscle; but these do cease, even without the circular 
incision, if by a horizontal section the grey cortex is separated 
from the subjacent white matter. Aftier removal of the cortex, 
stimulation of the white matter underlying the area produces the 
appropriate contraction ; not only however is a stronger stimulus 
necessary, but also the latent period, that is, the time intervening 
between the beginning of the application of the stimulating 
current and the oeginniug of the muscular contraction is appre- 
ciably shortened. The appropriate contractions not only appear 
when the white matter immediately below the cortex is stimulated, 
but by making successive horizontal sections and stimulating each 
in turn, the effect may, so to apeak, be traced through the central 
white matter of the hemisphere down to the internal capsule. We 
may conclude from these results, that when the current is applied 
to the surface of the cortex, certain parts of certain structures 
in the grey matter are stimulated, the process having a marked 
latent period, and that as the outcome of the changes induced in 
the grey matter, impulses pass along the fibres leadmg down from 
the grey matter to the internal capsule and so by the pedal system 
of fibres to the spinal cord and motor spinal roots. The anatomical 
considerations aavanced in a previous section lead us to suppose 
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that the fibres m question belong to the pymmidal tract, on which 
we have so much insisted ; and as we shall see all our knowledge 
confirms this view. 

It must not, however, be supposed that the several areas 
stimulation of which produces each its distinctive movement, are 
in the dog sharply denned from each other ; when the term area 
for extension of the hind limb is used it must not be supposed 
that the area can be defined by an outline, within which stimula- 
tion produces nothing but extension of the hind Hmb, and outside 
which stimulation never produces extension of the hind limb. All 
that is meant is that extension of the hind limb is the salient and 
striking result of stimulating the area. When we study the 
various movements, and especially perhaps when we study, by 
help of a graphic record, the contractions of various individual 
muscles resulting from the stimulation of various parts of the 
motor region, we find not only that the areas for particular move- 
ments or particular muscles are very diffuse, but that the several 
areas largely overlap each other. If for instance we were to map 
out on the same diagram the several areas belonging to four or 
five muscles of diffei-ent parts of the body, such as the extensors of 
the digits of the fore ana of the hind limb, the flexors of the same, 
and the orbicular muscle of the eyelid, that is to say, the several 
areas within which in turn stimulation of the cortex produced 
contraction of the particular muscle, the overlapping would be so 
great that the whole figure would appear highly confused. In a 
similar way the excitable motor region as a whole would gradually 
merge into, be broken up into, the unexcitable frontal, occipital 
and temporal regions, in front, behind and below. In other words, 
the localisation in the cortex of the dog is to a marked degree 
imperfect. 

In this respect the dog, corresponding to its position in the 
animal hierarchy, is intermediate between such animals as the 
rabbit, the bird, and the frog, on the one hand, and the more 
highly developed monkey on the other; and that is one rea.son 
why we have taken the dog first and dwelt so long upon it. In 
the rabbit, a similar localisation may be observed, but much less 
definite, much more diffuse. In birds, electrical excitation does in 
some species produce certain limited movements, especially of the 
eyes and head ; in other species no effect at all can be observed. 
In reptiles, amphibia and fishes no good evidence has been obtained 
that electrical stimulation of the cerebral hemispheres will produce 
movemente. It will not be profitable to dwell on the details of 
these lower animals; but the phenomena of the monkey, leading 
up as they do to those of man, call for special notice. 

§ 6S6. When in a monkey, in an individual for instance 
belonging to the genus Macacvs, the surface of the cerebrum is 
explored with reference f-o the effects of electric stimulation, it is 
found that when the current is applied to the precentmt or 
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ascending frontal and the post- central or ascending parietal 
convolutions which lie respectively in front of and behind the 
important central fissure or fiasure of Rolando (cf. Fig, 133), 
movements of the fore limb follow. The 'area for tne fore 
limb ' thus discovered is more circumscribed and definite than 
is the corresponding area in the dog. Its outline (Fig. 134) is 
roughly that of a truncated triangle bisected by the central 




FiQ. 133. Odtuse 



(M*CAC 






i) AMI) GCR: (CONVOLDTIONS). (NBtuml bI 
The brain EROred is the sasoB as that in Fig. 134, and the two figures should be 
couaalted together. Over each aulcae, pnrpoHelf printed very tbicli, the oame ia 
written in rmall capitalt, over each gTrae in italiet. x indicates the small depreg- 
eion, hard]; to be called a buIqub, which is aappoaed to be bomologooe with 
the superior frontal solcus of man ; and w. y, t similarl? indicate sulci whose 
homologiee are not certain. For same ajnonjms see Figs. 137, 13B. 

fissure, with the broad base at some distance from the mesial 
line, and the truncated apex reaching on the lateral surface of the 
hemisphere to a well-marked bend in the lower part of the central 
fissure. Behind, it reaches as far as the intra-parietal fissure, which 
somewhat sharply defines its hind border, and in front it ceases no 
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lees defimtety at some little distance behind the precentr&l fissure. 
Further examinatioD shews that the whole area is divided into 
areas corresponding to movements of particular parts of the fore 
arm, and that these are arraoged in a delinite relation to each 
other. In the more dorsal part of the area, at the base of the 
triangle, stimulation produces movements of the shoulder (Fig. 
134) ; if the electrodes be shifted ventrally movements of the elbow 
make their appearance ; if still more ventrally, movements of the 
wrist come in, and these are in turn succeeded ventrally by move- 
ments of the digits generally, of the forefinger, and lastly of 
the thumb. A very striking experiment may at times be made ; 
when a current of suitable strength is applied, first at the 
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lower, ventral border of the area, and then gradually advanced 
upwards towards the mesial line, the thumb first is seen to move, 
then the forefinger, then the rest of the digits, then the wrist, next 
the elbow, and lastly the shoulder; the movements however are 
very apt to merge one into the other. Further, in certain parts of 
the area the predominant resulting movement is flexion of the 
appropriate segment of the limb, in other parts extension, in 
certain parts aoduction, in other parts adduction, and so on. 

Similar exploration shews that the " area for the hind limb " 
lies on the median side of the area for the fore limb, stretching 
besides on to the mesial surface along the marginal convolution 
which forms the dorsal portion of the wall of the great longitudinal 
fissure ; it reaches as far baek as the intra-parictal sulcus, and is 
succeeded in front by the " area for the trunk " (Fig. 135). Within 
this general area for the hind limb we may similarly distinguish 
special areas for the hip (Figs. 134, 135) in the front portion, for 
the knee and ankle behind this, and for the digits still farther 
backwards, the area for the great toe being however in front of 
the area for the other digits. 

In front of the areas for the limbs and trunk, on the median 
dorsal surface, dipping down into the mesial surface along the 
marginal convolution (Fig. 135) and reaching laterally on the 
dorsal lateral surface to the dorsal extremity of the precentral 
sulcus (Fig. 134), is the "area for the head,' that is to say, for 
movements of the head brought about by contractions of the 
muscles of the neck. 

Ventral to this again, in front of the precentral sulcus is an "area 
for the eye movements," that is to say, for contractions of the ocular 
muscles ; and behind the precentral sulcus, ventral to the arm area, 
lies a small area for movements of the eyelids, brought about by 
contractions of the orbicularis muscle. Ventral to this again is 
the "area for the face," in which we may distinguish an area for 
the mouth, that is an area stimulation of which produces changes 
in the buccal orifice, opening, shutting, drawing to one side &c., 
and an area for movements of the tongue. These two areas 
reach downwards to the fissure of Sylvius, and backwards to the 
line of the intra-parietal sulcus. In front of them, occupying 
all the ventral part of the precentral convolution and reaching 
forwards as far as the precentral sulcus, where it meets the area 
for the eyes, lies an area stimulation of which produces movements 
of the pharynx or larynx as well as the mouth or face, and which 
may be divided into ai-eas for mastication, for swallowing, and for 
the production of the voice. 

We might speak of these several areas in another way by 
referring to the nerves concerned in carrying out the several 
movements, though in doing so we must remember that there is 
not an exact correspondence between the relative position of a 
muscle along the axis of the body or along the axis of a limb and 
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the relative positiou along the cerebrospinal axis of the nerve or 
nerves governing the muscle. We may however, adopting this 
method, note that the sacral and himtar nerves are represented by 
the most mesial portion of the whole motor area and by the hind 
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division of this mesi»l portion ; that the lumbar and thoracic nerves 
are represented by the front division of the same mesial portion ; 
that the upper thoracic with the lower cervical nerves belong 
to a region lying lateral to, and the upper cervical nerves to one 
lying in front of the preceding area ; and lastly that the remaining 
lateral and ventral portions of the whole motor region appertain to 
the cranial nerves. But the topographical differentiation does 
not come out so clearly by this method, as by that of taking for 
our guide distinctive movements of the several parts of the body. 

It will be observed that all these areas taken together, repre- 
sented by the portion of Figs. 134, 135 shaded in one way or 
another, occupy chiefly the parietal region of the cerebral surface 
though they also reach into the frontal region. Stimulation of the 
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frontal region in front of this area or of the occipital and temporal 
regions behind may, as we said, give rise to movements of certain 
parts ; but as we have also said such movements present characters 
of their own and must be considered by themselves. Their occur- 
rence does not remove the strong contrast presented by the region 
of the cortex which we are discussing to all other regions. This 
region is the one which above all others gives rise to movements 
when stimulated. Hence it has very naturally received the name 
of the 'motor' region or area. Nevertheless, as we shall see later 
on. there are grave objections to the use of this term ; it is apt to 
mislead. Hence we propose to employ another word and sfaal] 
choose an anatomical one. The area in question, though it 
stretches away from the great primary sulcus or tissure, the 
Rolandic or central sulcus, may be regarded as centered roUDd 
that sulcus. We ahail call it therefore the * Rolandic area.' 

§ 666. It is obvious from the foregoing that the mechanisms 
for the development of these movements of cerebral origin are far 
more highly differentiated in the monkey than in the dog. But 
even in the monkey (Macacus and allied forme) the differentiation 
is still very incomplete. If we explore for instance the area for the 
wrist we find that its limits are ill-defined. In some parts of the 
area we obtain movements of the wrist only, but in other parts of 
the area stimulation produces not only movements of the wrist, 
but also of the shoulder or uf the digits, or of the neck ; and bo 
with the other areas. 

If, however, not a Macacus or other ordinary monkey, but the 
more highly developed ourang otang be taken as the subject of 
experiments, the differentiation is found to be distinctly advanced ; 
the sevei-ol areas are more sharply defined, and what is important 
to note, the respective areas tend to be separated from each by 
portions of cortex, stimulation of which gives rise to no movement 
at all. 

The opportunities of stimulating the cortex of man himself have 
been few and far between, and have for the most part been con- 
ducted under unfavourable circumstances ; hut so far as the results 
thus obtained go, they shew that the topographical distribution of 
areas for the several movements is carried out on the same plan as 
in the monkey (we are purposely confining ourselves now to the 
results of artificial stimulation); and, moreover, justify the con- 
clusion, which a priori reasons would lead us to adopt, that in man 
the differentiation is advanced still farther than in the monkey. 

Thus when we survey a senaa of brains in succession, we find 
that while below the mammal a connection between stimulation of 
the surface of the cerebral hemispheres and skeletal movement is 
absent or uncertain, in the mammalian series as we pass from 
the rabbit, through the dog, and other lower mammals up to the 
monkey, the anthropoid ape, and so to man himself, an increasing 
differentiation of the cerebral cortex obtains, by which certain areas 
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of the cortex are brought iDto special connection with certain 
skeletal or other muscles in such a way that stimulatioa of a 
particular portion of the grey matter gives rise to a particular 
movement and to that alone. 

§ 667, In treating of the structure of the brain we spoke 
(% 632) of the pyramidal tract as starting from the parietal region 
of the cortex ; and it is obvious that the fibres of this tract must 
be concerned in the development of the movements which we 
have just described. When the movements are brought about 
by stimulation of the fibres in some part of their courae, in the 
internal capsule for instance, there can be no doubt that the 
stimulation starts impulses which, travelling down the tract to 
the origins of certain cranial or spinal nerves, in some way give 
rise to coordinate motor impulses along the motor fibres of the 
nerves ; and we may with reason speak of the impulses then 
passing along the tract as motor or efferent in nature. When the 
stimulus is applied direct to the cortex, we may assume that 
prix-esses, started in the grey matter, eventuate in similar efferent 
impulses along the fibres of the tract. All the evidence leads Ufl 
to regard this tract as an efferent tract. 

When the spinal cord in divided in the lower dorsal region and 
the electrodes of an electrometer are brought into connection with 
the transverse cut surface and with some point of the longitudinal 
surface above, the electrometer gives evidence of currents of 
action (manifesti^id as negative variations of a demarcation current 
or current of rest, § 67) whenever the area of the hind limb is 
stimulated, but not when other parts of the cortex are stimulated. 
We have already said that stimulation of any part of the " motor " 
region may under abnormal conditions give rise to general epilepti- 
form convulsions ; when thene occur during such an experiment as 
the above, currents of action manifest themselves in the lower 
dorsal cord, whether the stimulation giving rise to the convulsions 
be applied to the area for the hind Umb or to any part of the 
motor region. It has been further observed that the currents of 
action developed within the spinal cord tally in a very exact 
manner with the muscular movements. The convulsions begin 
with a sustained ' tonic ' contraction of the muscles, and the electro- 
meter shews a similar sustained current of action ; this is followed 
by rhythmic movements of the muscles, accompanied by correspond* 
ipg rhythmic movements of the mercury of the electrometer. 
Without insisting too much on the exact interpretation of these 
results we may take them as at le^st shewing that, when the Rolandic 
region of the cortex is excited, nervous impulses accompanied by 
*■ currents of action " pass downward along the fibres of the pyra- 
, midai tract. 

The results of stimulating the; fibres of the tract in their course 
I through the corona radiata and the internal capsule, and the results 
I obtained by studying the degenerations following upon injury to 
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or removal of the several parts of the cortical Rolandic area, 
agree in taarkiug out the paths taken by the eeveral constituent* 
of the tract through the central white matter of the hemisphere, 
the corona radiata and the capaule. Comparing Figs. 134, 135 
with Figa, 125, 126 and 127 it will be seen that the portion of the 
tract destined for the cranial nerves, and ao for the movements of 
the eyes, the mouth, face, tongue, pharynx and larynx, starting from 
the ventral parts of the more frontal district of the Kolandic area, 
take up their position at the knee of the internal capsule ; and the 
portion destined for those upper cervical nerves which carry out 
movements of the head through the muscles of the neck, starting 
from the extreme frontal and dorsal parts of the area, is also 
apparently directed to the knee of the capsule. The rest of the 
tract, starting from the part of the area lying at once behind and 
mesial to the above, occupies in the capsule a position posterior to 
them in the hind limb of the capsule ; and it will be olraerved that 
the tract for the fore limb which begins on the surface lateral of 
the tracts for the trunk and hind limb, shifts its courae in relation 
to theirs, so that in the capsule it is in front of them, not lateral to 
them. It may further be observed that while in the tracts for the 
trunk and hind limb the same fore and aft order which obtains on 
the surface ia reproduced in the capsule, even apparently to the 
strange precedence of the ankle over the knee, the order of the 
several elements in the fore limb tract which is lateral on the sur- 
face becomes regularly fore and aft in the capsule. In the capsule 
the several elements are arranged in a lineal order, corresponding 
broadly to that of the distribution of the muscles along the longi- 
tudinal axis of the body ; on the cortex they are disposed in an 
oitler the cause of which is at present not very clear, but which is 
probably determined by the respective relations of the several parts 
of the Rolandic ai-ea to the functional activity of the other parts of the 
cortex. In the shifting from the one oi-der to the other, the several 
constituent fibres, as we have said, describe a somewhat peculiar 
course ; and when we remember, as stated in § 632, that the order 
shewn in Fig. 125 is only the order obtaining at one particular 
level of the capsule, and that from the dorsal beginnings of the 
eap.sule in the corona radiata to its ventral end in the pes, the 
capsule is continually changing in form, and its fibres therefore 
continually shifting their relations to each other, the whole course 
of the several fibres of the tract from their origin in the cortex 
until they are gathered up into the central portion of the pes 
(Fig. 118 Py) must be a very complicated one. 

When the area of one hemisphere is stimulated, the movement 
which results is in most cases seen on the other side of the body, 
and on that other side alone. Thus when the area for the fore 
limb is stimulated on the left hemisphere it is the right fore limb 
which is moved. This is in accordance with wnat we have 
learnt of the pyramidal tract and its ultimate decussation before it 
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reaches the motor nerves, the decussation either occurring uias- 
sively as in the case of the crossed pjTamidal tract, or in a more- 
scattered manner along the upper part of the spinal cord in the 
case of the direct pyramidal tract ; and, as we have seen, there is 
a similar decussation for such part of the pyramidal tract as is 
connected with the cranial nerves above the decussation of the 
pyramids, Escepl in the case of certain areas for movements 
naturally bilateral of which we shall speak presently, the move- 
ment is normally on the crossed side, and on the crossed side only. 
Under abnormal conditions however the limb of the other side, 
that ia of the same side as the hemisphere stimulated, may move 
also. But such an abnormal movement of the same side has not 
the same characters as the proper movement of the crossed limb. 
Instead of being an orderly coordinate movement, it is a more 
simple, either tetanic or perhaps tonic, or rhythmic, clonic, con- 
tractiou of the muscles ; it is also much more apt to be a movement 
of extension than of Hexion. Obviously its mechanism ia of a dif- 
ferent nature from that by which the proper movement of the 
crossed limb is effected ; but it is important to bear in mind that 
a movement of the uncrossed limb may take place ; and further 
that, the abnormal conditions continuing, similar movements of au 
uncoordinated character may spread to the hind limb aud other 
parts of the crossed side, though the stimulation be still confined 
to the arm area, then to other parts of the uncrossed side, until as 
we have said the whole body is thrown into epileptiform convulsions. 
This feature must uot be forgotten. In fact it may be fairly 
insisted upon that while we may speak of a particular coordinate 
movement as being the normal outcome of an ordinary careful 
stimulation of a particular area in a normal condition, it is no less 
true that diffuse uncoordinated movements, culminating in general 
epileptiform convulsions, are the natural outcome of the stimula- 
tion of any area in an abnormal condition. And in attempting to 
form any opinion of the nature of the first act, we must bear the 
second in mind. 

As we said above, the movements resulting from cortical 
stimulation are most conveniently described in tenns of parts of 
the body, of the arm, of the thumb, of the tongue, &c. The 
movements of the same part may be further distinguished by 
means of the nomenclature usually adopted in speaking of mus- 
cular movements, such as flexion, extension, abduction, adduction, 
&C. ; so that, within the area bearing the name of some particular 
part, such as the wrist for instance, we may perhaps distinguish the 
parts where the effects of stimulation are those of flexion from the 
parts where the effects are those of extension of that joint ; and in 
like manner in reference to other parts. But it will be readily 
understood that it is easier to map out the area for a particular 
part than to distinguish areas corresponding to the several move- 
ments of that part. Hence the nomenclature usually adopted in 
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speaking of the Rolaiidic area ia one based on the parts of the body 
moved rather than on the character of the movements. The 
more closely however the movementa in question are studied, the 
more probable it appears that the localisation which obtains in 
the coi'tex is essentially a localisation corresponding not to parts 
of the body, or to nerves, or to muscles, but to movements. In 
considering this point it must be remembered how rude and 
barbarous a method of stimulation is that of applying electrodes 
to the surface of the grey matter compared with the natural 
stimulation which takes place during cerebral action ; the one 
probably is about as much like the other, as is striking the keys 
of a piano at a distance with a broomstick to the execution of a 
skilled musician. Were it in our power to stimulate the cortex 
in any way at all approaching the natural method, we should in 
all probability arrive at two results ; on the one hand we should 
be able to produce at will a variety of movements of different 
degrees of complexity, some very simple, others very complex, and 
for these we should have to use names suggested by the characters 
and purpose of each movement, and by these alone ; on the other 
hand we should find very decided limits to the number and kind of 
movements which we could evoke, limits fixed in the case of each 
subject partly by inherited organisation, partly by the training of 
the individual. 

Some such results of refined experimentation are indeed already 
foreshadowed by the rude results of our present rough methoda. 
The movements which usually follow stimulation of the Rolandic 
area, and which we have described as flexion, &c., are, so to 
speak, the elementary factors of ordinary bodily movements, the 
detached and imperfect chords of a musical piece ; and in the fol- 
lowing facts relating to their production we can recognize the 
influences of organisation and habit. As we have said, stimulation 
of the Rolaudic area of one hemisphere produces movements, as a 
rule, which are limited to one side of the body, and that the 
opposite side. Now both in ourselves and in the higher animals 
a lat^e number of bodily movements, especially of the limbs, are 
habitually unilateral ; and, putting aside the question why there 
should be two halves of the brain, and why the one half of the 
brain should be associated with the cross half of the body, we 
may recognize in the unilateral crossed movement resulting from 
stimulation of the cortex in accordance with natural habits. But 
some movements of the body are ordinarily bilateral ; the two eyes, 
for instance, are ordinarily moved together, and the two sides 
of the trunk move together very much more frequently than do 
the two fore limbs or the two hind limbs. And in accordance 
with this we find that stimulation of the area for the eyes on 
either hemisphere produces movements of both eyes, and stimu- 
lation of the trunk area of one hemisphere is also very apt to 
produce bilateral action of the trunk muscles; in such instances 
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the tnovementfl on both sides are quite normal movements. We 
may incidentally remark that removal of the tnink area leads to a 
good deal of bilateral degeneration, that is, to degeneration of 
strands in the pyramidal tracts of both sides, whereas such a 
bilateral degeneration is comparatively scanty after removal of the 
leg or arm or especially of the thumb area. 

That it is the movement and not the part moved which is, so 
to speak, represented on the cortex is further indicated by the rela- 
tive magnitudes of the several cortical ai-eaa when they are mapped 
out according to parts of the body. The area for the arm, for 
instance, cf Figs. 134, 1^.5, is, so to speak, enormous compared to 
that of the trunk when the relative bulks of these two parts of 
the body are considered ; and within the arm area itself the space 
occupied by the thumb and fore-finger and digit« is. bulk for bulk, 
out of proportion to the space allotted to the shoulder ; so also the 
area for the eyes or for the mouth is out of proportion to the size 
of those organs. But these relative sizes of the respective areas 
become intelligible when we bear in mind relative mobility, nimble- 
ness and delicacy of execution ; in theae respects the shoulder is 
far behind the thumb, while the eyes and mouth surpass most 
other parts of the body. 

We ai-e brought yet a step further when we compare, in 
respect of the cortical Rolandic area, animals of di6Ferent grades 
of organisation ; and the results thus obtained lead us to the 
conclusion that the area is correlated not to movements iu 
general, but to movements of a particular kind. Taking in 
series the rabbit, the dog, the monkey and man, we tina in 
poAsing from one to the other an increase in prominence and 
in differentiation of the area accompanied by an increase in the 
bulk of the pyramidal tract ; among the many striking differences 
between the brains of these several animals, these two features, 
the increasing complexity of the Rolandic area, and the increasing 
size of the pyramidal tract, are among the most striking. We 
may add that in animals below the mammals the pyramidal tract 
is wholly wanting. The size of the pyramidal tract is itself 
correlated to the complexity of the area, and, being the more 
easily determined, may be used as indicating both; the differ- 
ence in the size of the pyramidal tract in these animals is 
seen all along the whole length of the cord (Fig. 136). Now as 
regards mere quantity of movement, if we may use such an ex- 
pression, the differences between these animals are of no great 
moment. If we were to take the amount of energy expended as 
movement in twenty-four hours per gramme of muscle present in 
the body in each of the four cases, we should certainly not find 
any correspondence between that and the size of the pyramidal 
tract. If however we take a particular kind of movement, what 
we may perhaps call skilled movement, that is movement carried 
out by means of intricate changes in the central nervous system. 
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we do find a remarkftble parallelism in the above cases between 
the amount of such skilled movement entering into the daily life 
of the individual and the size of the pyramidal tract. In these two 
respects man is much above the monkey, and the monkey far above 
the dog. We may conclude then that the Rolaodic area is in some 
way especially concerned with the kind of movement which we 
have called 'skilled,' 

§ 658. These skilled movements are to a large extent, though 
not exclusively, voluntary movements. We have in a previous 
section seen reason to believe that the cerebral cortex is in some 
way especially associated with the development of voluntary 
movements. Putting together this conclusion and the conclusions 
just arrived at we are naturally led to the fui-ther conclusion 
that the Rolandic area, with the pyramidal tract belonging to 
it, plays an important part in carrying out voluntary movements. 
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The figure ahen-s in oatline the lateral half of tbe coed, at the level of the fifth 
thoracic nerve, in A. Man, H, Monkey, C. Dog ; A is a reproduation of !>' 
in Pig. 107 : B and C are drawn of the same Btze bb A. Py., shaded obliquely, 
the pyramidal tract; the depth of hhading indicates that the Iraot ia more 
crowded with true pyramidal ^brea an well aa larger in A than in B. and in 
B than in C. In B, Py' ia an outlying portion of the pyramidal tract aepaiated 
from the rest by the cerebellar tract. Py.d. the direct pyramidal tract, present 
in man only. The grey matter aeema relatively large in C becaOBe the section 
was taken from a veiy yonng poppy. 

Do other facts support this view, and if so. what light do they 
throw on the question as to what part and what kind of part the 
motor region thus plays ? 

In this connection we naturally desire to know what are the 
results of removing from an otherwise intact animal the whole 
Rolandic area of the cortex, and more especially this or that 
particular portion of it. Before proceeding fiirther, however, we 
may once more call attention to the caution given in § 582, and 
repeated in § 640 : indeed when we consider the high organisation 
and complex functions which obviously belong to the cortex, when 
we bear in mind that it appears to govern, and must therefore be 
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bound by close ties to almoet all the rest of the central n«yvoii3 
system, we must be prepared to find after removing a portion of 
cortex that the pure ' deficiency ' phenomena, those which result 
from the mere absence of a piece of the cortex, are largely 
obscured by the other effects of the operation. 

In the rabbit the results have been almost purely negative. 
When" in this animal the part of the cortex which may be con- 
sidered as the motor region is removed, nothing remarkable is 
observed in the movements of the animal. We can hardly suppose 
that the operations of the central nervous system are exactly the 
same in an operated as in au intact animal, and the differences 
induced ought to be betrayed by the movements of the body ; but 
at present they have escaped ot»ervation. 

In the dog the removal of an area is followed by a loss or 
diminution of voluntary movement in the corresponding part of 
the body. When, for instance, the area for the fore limb is 
removed from the left hemisphere, the right fore limb is com- 
pletely or partially ' paralysed.' In carrying out its ordinary 
movements the operated auimal makes little or no use of its right 
fore limb. But this state of thing;; is temporary only. After a 
while the animal regains power over the limb, and in successful 
cases recovery is so complete that it is impossible or at least 
very difficult to point out in the limb any appreciable deviation 
from the normal use. And careful examination after death has 
shewn not only that the area had been wholly removed, but also 
that there was no regeneration of the lost parts ; the removal of 
the cortex leads in such cases, as usual, to degeneratiou of the 
corresponding atmnd in the pyramidal tract right away from the 
cerebral surtace to the endings of the strand in the cervical and 
dorsal spinal cord. Nor can it be urged in such cases that diffused 
remnants of the arm area had been left in the remaining parts of 
the Rolandic area ; for the whole of the area has been removed, 
and yet the animal has recovered to such an extent that at all 
events a casual observer could detect no differences between the 
movements of the two sides of the body. Nor can it be urged 
that, in such a case, where one side is removed, the remaining 
hemisphere takes on double functions ; for the greater part of the 
Rolandic areas have been removed on both sides, and yet the 
animal's movements have been so far apparently complete that 
a casual observer would see nothing strange in them. Again, the 
whole Rolandic area has been removed from one hemisphere in 
a young puppy, and some time later when the movements seemed 
to have recovered their normal condition, the removal of the 
whole area of the other hemisphere has produced merely a 
paralysis of the crossed aide of the bixiy, and that as before only 
of a temporary character. 

Two things have to be noted here. In the first place the 
removal of an area does affect the movements which are brought 
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about by stimulating that area, it leads to their disappearance or 
at least to great dimiDution of them. In the second place, the 
physiological effect is temporary only, though the anatomical 
results of the operation are permanent, for the cortex is never 
renewed, and the pyramidal tract degenerates along its whole 
length, never to be restored ; this shews that we have to deal here 
with events of a very complex character. When a particular 
movement results from stimulation of the appropriate cortical 
area, we may be sure that whatever takes place in the cortex and 
along the pyramidal tract, motor impulses, duly coordinated, pass 
along certain ventral roots to certain muscles ; and we know that 
if we removed a sufficient length of each of those ventral roots 
that particular movement would be lost for the rest of the life of 
the individual. We may therefore infer that the events which, 
whatever be their exact nature, taking place in the cortex and 
along the pyramidal tract lead ultimately to the issue of motor 
impulses along the ventral roots, differ essentially from the events 
attending the transmission of ordinary motor impulses. 

More instructive however than the study of the dog is that of 
the monkey, in which the movements being more varied and the 
proportion of skilled movements greater, it is easier to detect 
slighter defects. In the monkey as in the dog the removal of 
a cortical area is immediately followed by paralysis ; if for instance 
the arm area be removed the arm seems helpless; the animal uses 
the arm very little and the hand hardly or not at all, the defect in 
power being most marked in the thumb and fingers and less so 
upwards to the shoulder. Other defects than those of movement 
are also observed, but of these we shall speak later on. We may 
however mention that not only is voluntary power interfered with 
by the operation, but also other uses of the muscle, and indeed 
even Ekeletal tone is affected ; the limb hangs flaccid from the 
shoulder. 

After a while the symptoms improve, the animal regains 
greater and greater power over the limb but the recovery is not 
complete. The finer, more skilled movements, those especially in 
which the thumb and fingers and the hand are concerned, are 
wanting or executed clumsily, and the movements best carried out 
are those in which the limb is used in combination with other parts, 
as for instance in progression. Reflex movements of the limb can 
be easily evoked, and tone returns or even becomes exaggerated 
as shewn by a more than usually brisk knee-jerk. 

But, at all events in a large number of cases, this improvement 
ultimately gives way to a relapse. The movements of the limb 
become again more difficult, and this appears to be due to an 
exaggerated tone of the muscles giving rise to a rigidity (cf § 699) 
especially of the flexors, the lingers and elbow becoming bent. 

Corresponding results are obtained when other cortical areas 
are removed, the effects being most marked as regards the move- 



w 



Chap. II.] THE BRAIN. 1137 

mciits of those parts, such an the extremities of the limbs the 
cortical areas of which have the larger dimensions. 

We have here obviously to deal with very complex events, 
justifying the caution given a little while back ; but we may 
probably draw the following conclusions. While in the case of 
certain movements, the loss complete or partial which follows 
immediately after the operation is wholly recovered from, in the 
case of certain other movements there is no recovery, the loss 
is permanent. These latter movements belong to the class which 
we have called and may for the present continue to call ' skilled.' 
Some of these lost skilled movements are compensated for, in the 
Bense that the end of the movement is gained oy a new manoeuvre, 
often involving unwonted muscles ; but the actual movement is 
not regained. The temporary loss we may explain by appealing 
to that interference with the nervous machinery which we denote 
by the general phi-ase " shock " ; the permanent loss is due to the 
loss of the cortical area and the contingent portion of the pyra- 
midal tract. That is to say, the cortictd area with its belonging 
pyramidal fibres is used for certain special skilled movements, and 
when it is wanting they are lacking too, however much the de- 
ficiency may be made up in other ways. 

The deterioration which sets in later on is more difficult to 
explain. We must not dwell on it at any length but we call 
attention to it because it seems to point to a matter on which we 
have already said something and to which we shall have to return, 
namely, the dependence of the nutritive integrity of nervous 
elements on functional activity. The trophic degeneration of the 
pjTamidal fibres which follows their separation from their trophic 
centres in the cortex reaches to the tips of their endings in the 
ventral hems of the spinal cord but no further. The mere trophic 
influences which determine the degeneration of the severed 
pyramidal fibre are not earned on to the cells of the ventral 
horn with which the 6bre makes synapses and the axons of which 
govern the skeletal muscles. Nevertheless, though distinct trophic 
inJluences are not brought into play, the late rigidity and the at 
least apparent defect of power of which we spoke above, indicate 
that these cells, or to be more exact the nervous mechanisms of 
which the cells form a part are not in giwd working order. They 
are at least not working as usual, though all the circumstances of 
their life remain the same save and except the play upon them of 
inflaences frwm the endings of the pjTamidal fibres. The absence 
of these influences throws them out of gear. And the fact that 
the deterioration in question though common in the monkey is not 
witnessed in the dog may be taken as shewing how in the former 
animal the life of the cells in the ventral horn, which in all animals 
play other parts than that of responding to pyramidal imputsea, is 
much more dependent on those pjTamidal impulses than it is in 
the caae of the dog. 

73 
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But this is a digreeBion. The important conclusiou to be 
drawn from the results of the removal of the cortex in the moDkey 
is that the cortex and pyramidal tract are in this animal used for 
certain special skilled movements, and that in the absence of the 
cortex and tract those movements cannot be carried out at all, or 
are carried out in a modified maimer only. In the monkey such 
movements are conspicuous and their absence more or less easily 
detected ; in the dog they are fewer and their absence is more 
readily overlooked ; but fundamentally the two probablj- agree- 

§ 669. Before we proceed however any further in the dis- 
cussion, it will be of advantage to turn aside to what is known 
concerning the Rolandic area in man. As we have already 
said, theoretical considerations lead ua to believe that this 
area in man is disposed in accordance with the plan of the 
anthropoid ape as ascertained experimentally, but with the 
differentiation carried still further ; and the few cases of experi- 
mental stimulation of the human cortex support this view. Our 
chief knowledge in this matter is derived from the study of 
disease ; and in thi.s, the advantages of dealing with one of 
ourselves are largely counterbalanced by the disadvantages due 
to disease being so often anatomically diffuse and physiologically 
changeful and progressive. 

We said above that during experiments on animals stimulation 
of any part of the Rolandic area may under abnormal conditions 
lead to general epileptiform convulsions. Now clinical study haa 
shewn that in man certain kinds of epileptic attacks are of 
similar cortical origin. In these cases it has been observed that 
the attack begins in a particular movement, by contractions of 
particular muscles, or of the muscles of a particular region of the 
body, of the hand, foot, toe, thumb, &c., and then spreads in a 
definite order or ' march ' over the muscles of other regions until 
the whole body is involved. When in an experiment on an animal 
epileptiform convulsions supervene, they similarly start from the 
region of the body, the cortical areacorrespondingto which is be- 
neath the electrodes at the time, and similarly spread by a definite 
'march' over the whole body. Hence in the human epileptiform 
attacks of which we are speaking, it has been inferred that the 
immediate exciting cause of the attack. is to be sought in events 
taking place in that part of the cortex which serves as the area 
for the movement which ushers in the attack. Further inquiry 
has not only confirmed this view, but has also shewn that the 
topography of the cortical areas in man, as thus determined, 
very closely follows that of the monkey. 

Other diseases of the cortex have been marked, among other 
syraptoma, by loss or impairment of paiticular movements. In 
many such cases, the cortical lesion has been of such an extent as 
to involve a number of special areas at the same time, and ao to 
lead to loss or impairment of movement over relatively considerable 
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re^ons of the body, such as the whole of one arm. Still cases of 
quite limited mischief do occur, and in many ini^tances it has been 
possible to diagnoHe from the failure or impairmeut of particular 
movements that a particular area of the cortex was affected by 
disease. So also in cases where for Burgical reasons it has become 
necessary to remove limited portions of the cortex, the operation 
has been followed by loss of voluntary power as re^rds particular 
movements. And in general the teachmg of these cases of disease 
conJirms the deductions from the monkey, and gives us at least some 

feaeral idea of the topography of the human Kolandic region, 
igs. 139 and 140 shew in oruad diagrammatic manner the position 
.and relative extent of the areas for the leg, arm and face in 
man, as far as has yet been ascertained. To assist the reader we 
give at the same time diagrams. Figs. 137, 138, illustrating the 
nomenclature of the surface of the human brain. 

One area is of special and instructive interest. Speech is 
an eminently 'skilled' movement. We have seen that in the 
monkey the area for the mouth and tongue lies at the ventral end 
of the central fissure or fissure of Rolando, ventral to the arm 
area, and that the extreme ventral and front part of the Rolandic 
area just above the iissure of Sylvius supplies an area which 
we marked as that of phonatiou (Fig. 134). In the monkey the 
area of phonation is determined by experimental stimulation ; in 
man, in a similar position, on the third or lowest frontal con- 
volution, sometimes called Broca's convolution, ventral to and in 
front of, and probably overlapping backwards the area which in 
Fig. 139 is marked 'face' and which includes the mouth and 
tongue, clinical study has disclosed the existence of an area which 
may be spoken of as the area of ' speech.' Lesions of the cortex 
in this area cause a loss of or interference with speech, the 
condition being known as tiphaaia; to this we shall presently 
return. In Fig, 139 this area is shewn in an approximate manner. 

The movements of speech are essentially bilateral movements. 
In the dog and monkey various bilateral movements may be 
excited by stimulation of the appropriate area in either hemi- 
sphere ; and analogy would lead us to suppose that in man, the 
movements of speech would be connected with the speech area 
in both one and the other hemisphere. The results of lesions 
however shew that it is in most cases especially the left hemi- 
sphere which is connected with speech ; it is a lesion in the third 
frontal convolution of the left hemisphere, often associated with 
other lesions of the same hemisphere leading to paralysis of the 
light side of the body and face, which causes aphasia, it being 
<mly in exceptional cases that the condition results from a lesion 
of the corresponding area of cortex in the right hemisphere. 

§ 660. We may now return to the discussion of the question, 
what is the part played by a cortical area, in carrying out the 
movements with which the area is associated ? *" 
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IThe [oliowing list of some synonyms may perh&ps be of n 
these figures and those of the brain of the monltey. Figs. 134, 135. 

Gyri. or Convolution!, Precentral or anterior central = aaoeniling frontal. 
Postcentral or posterior central = ascending parietal. Superior temponil = infra- 
marginal = first temporal. Triangular lobule — cuneus. Central lobe — Island of 
Beil. Paracentral loba!e-the mesial face of the fold connecting the pre- and 
post-central gyri with a small pieoe of the most posterioi part of the auperior 
frontal. Cintpilum ^ the part of the gyms fomicatns which adjoins the Coipns 
cailosam. Gyrus Hippocampi = nBcinate gyrns, though the latter name ia 
sometimes Testrioted to the front part of the hippocampi gyrusi the two may be 
considered as a continuation of the gyrus fornicatns, and the three togetlter, 
forming a aeries, have been caUed " the great limbic lobe." 

Sulci OT FiinuTsi. Central -Rolundic, or of Rolando. Perpendicular = parieto- 
occipital. Parietal = in traparietal or sometimes interparietal. 

Temporo- sphenoidal lobe = temporal lobe. 
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We must here turn to the consideration of certain facts con- 
cerning which we have hitherto been silent. 

In the first place, in the cases where it has been possible to 
stimulate the cortex in a human being, the subject being conscious, 
the application of the electric current has given lise to senjsatioiia 
variously described as to their nature, sometimes called ' tingling ' 
and the like, but uniformly referred to the part in whicn the 
stimulus called forth movements. Thus when the thumb area 
was stimulated, the subject stated that he felt sensations in 
his thumb. Indeed the development of sensations has, in the 
cases of which we are speaking been as marked, perhaps even 
more marked a result of the stimulation than the development of 
movement. Accordant with this experimental result is the clinical 
experience that in an attack of epilepsy, the peculiar sensation 
or ' aura ' as it is called which initiates the attack is referred to 
the part of the body, the cortical area con'esponding to which 
serves as the starting point of the ' march ' of the convulsiona. 
Thus the patient feels a peculiar sensation in his hand or arm 
just preceding the convulsive movements of the hand or arm 
by which the attack begins and from which it spreads over the 
rest of the body. 

In the second place when in an animal a portion of the 
so-called motor area of the cortex has been removed, the loss 
or impairment of movement has been accompanied by a no less 
marked loss or impairment of sensation, the recovery from which 
has been invariably more tardy than the recovery fi?om the 
interference with movement. Indeed in cases where the recovery 
of movement has seemed complete, careful examination has still 
detected a deficiency of sensation. 

It is obvious therefore that the parietal region of the cortex 
to which the term ' motor ' area has been applied is not ex- 
clusively motor but Ls in some way or other connected with 
sensation. And this development of sensations by means of this 
part of the cortex must be clearly held in view in attempting to 
understand how the cortex is concerned in carrying out move- 
ments. 

On the one hand the cortex in the parietal region is, by 
means of the pyramidal tract, connected in a more or less direct 
manner with the motor cranial and spinal nerves. At the same 
time it is connected, in a leas direct manner, with the general 
sensory nerves of the body. Thus the area for the thumb is 
connected, not only with the motor nerves governing the muscles 
which move the thumb, but also with the sensory nerves 
connected with the tissues of the thumb, both those belonging to 
skin and others. Here, as elsewhere, while the motor Umb of the 
whole nervous mechanism is a simple one, the only relay between 
the cells in the cortex, and the motor fibres of the spinal roots, 
being the synapses between the fibres of the pjTamidal tract and 



1 



f 



L 



Chap, ii.] THE BRAIN. 1143 

the cells in the nuclei of the cranial nerves or in the ventral horn 
of the spinal cord, the sensory limb coneiets of a series of relays, 
in the spinal cord, in the bulb and elsewhere. So iinportaat is 
this sensory moiety of the cortical mechanism that it seems to 
determine the size of the cortical area connected with a particular 
part of the body. We have already called attention to what 
appears to be the disproportionate size of the area for the thumb, 
or the fingers when compared with that of the tinink ; but the 
disproportion vanishes when we measure the value of the thumb, 
not by its share in the total surface or the total weight of the 
body, out by the number and complexity of the sensory impulses 
which pass from it up to the brain. Conversely the movements 
of the viscera, of which normally we are unconscious, are not 
represented at all, or in a very exceptional way, in the cortex. 

We have already (§ 643) dwelt on the importance of aflferent 
impulses in the development of various movements. Of voluntary 
movements afferent impulses seem to be, as it were, the very 
essence. This is shewn by the following important experiments. 
If in a monkey all the sensory roots belonging to a part, say 
to the arm, be divided, the result is a loss of voluntary power, 
which, as regards the extremity of the limb, the hand and digits 
is complete, out is progressively less marked in the upper parts, in 
the wrist, elbow and shoulder. No regeneration of the divided 
roots taking place, the loss in the hand, thumb and fingers at 
least is permanent ; no voluntary power over these parts returns 
however long the animal may be kept alive. Further, it is the 
distinctly voluntary movements which are affected. Under the 
influence of emotions and the like movements may be observed in 
a limb which, so far as volition is concerned, is useless. We may 
add that the sensory nerves, whose intact condition thus seems 
essential to the development of an act of volition, appear to be 
especially those of the skin as distinguished from those belonging 
to the muscles, tendons and other parts. 

Now, if in an animal which has thus by section of the sensory 
i-oots been deprived of voluntary power over, say, its arm, the 
cerebral cortex be laid bare and the arm area be stimulated, 
alt the usual movements, all the ordinary rough imitations of 
voluntary movements may be obtained as completely and as 
readily as, perhaps even more readily than, in an intact animal. 
This shews, in the case of a normal voluntary movement, bow 
small a part of the whole act is borne by the events taking place 
in the pyramidal tract, and to what a small extent a movement 
evoked by stimulation of the cortex corresponds to a really 
voluntary movement. The fact that the specihc movements may 
be called forth by stimulation, not of the cortex only, but also 
of the fibres of the tract along their course, for instance in the 
internal capsule and the electrical phenomena described in § 657. 
leave little room for doubt but that in the normal function of 
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the pyramidal tract the fibres carry centrifugal impulses from 
the cortex to the cells whose axons form the fibres of motor 
nerves. Quite apart from the general question whether an axon 
whose course lies entirely within the central nervous system 
(and the fibres of the pyramidal tract are such, being the axons 
of cells in the parietal region of the cortex) may, when stimulated 
at a part distant from its perikaryon, transmit impulses centri- 
petally towards the perikaryon as well as centrifugally towards 
its endings, and, quite apart also from the other general question, 
whether an axon may not under certain circumstances transmit 
impulses or influences from its endings centripetally along its 
whole course, we may probably safely conclude that in carrying 
out a voluntary movement, the part played by the fibres of the 
pyramidal tract is simply that of transmitting ceatrifiigslly impulses 
originating in the Rolandic cortex. The experimental results 
described above shew that those impulses cannot be naturally 
originated as an act of volition in the cells whose axons supply 
the pyramidal tract, unless those cells are subject at the time to 
sensory impulses or influences proceeding from the part which is 
the seat of the movement. In the voluntary act of adducting the 
thumb the impubea which, travelling from cells in the 'thumb 
area' of the cortex along the pyramidal tract, call forth the 
appropriate contractions of the muscles of the thumb do not 
arise if those cells are cut o£f from sensory impulses or influences 
proceeding from the skin and other tissues of the thumb. It is 
not as some writers, to judge by their expressions, seem to think, 
that the 'will,' arising in some way or other ont of or in con- 
nection with events in the cortex, stimulates the cells in the 
cortex, whose axons form fibres of the pyramidal tract, to send 
impulses along the fibres, quite irrespective of what is going on 
in the rest of the nervous system. On the contrary, the develop- 
ment of the ' will ' is contingent on the integrity of the sensory 
connection between the cortex and the part of the body on 
which it is about to act (being of courae contingent on other 
things as well), and we have as much right to say that 'the 
will resides' in the sensory nerves as to say that it resides in 
the cortex. The following experiment shews that even the 
rough generation of motor impulses in the Rolandic cortex 
through artificial stimulation may be influenced by appropriate 
sensory impulses. If in an animal (dog) while in a particular 
stage of the influence of morphia a subminimal stimulus be 
found, that is, a current of such intensity that applied to a cortical 
area it will produce no movement, but if increased ever so 
slightly will give a feeble contraction of the appropriate muscles, 
it may be observed that a slight stimulus, such as gently stroking 
the skin over the muscles in question, will render the previous 
subminimal stimulus effective and so call forth a movement, 
Thus if the area experimented on be that connected with the 
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lifting of the forepaw, and the subniininia] xtimulus be applied 
to the area at intervals, after several applications followed by no 
movements, a gentle stroke or two over the skin of the paw will 
lead to the paw being lifted the next time the stimulus is applied 
to the area. A similar result, but less sure and striking, may 
follow upon the stimulation of parts of the body other than the 
part corresponding to the area stimulated. Then, again, it has 
been observed that in certain other stages of the influence of 
morphia, the cortex and the rest of the nervous system are in 
Buch a condition that the application of even a momentary 
Btimulus to an area leads not to a simple movement but to a long- 
continued tonic contraction of the appropriate muscles. Under 
these circumstances, a gentle stimulus, such as stroking the skin, 
or blowing on the face, applied immediately after the application 
of the electric stimulus to the area, suddenly cuts short the 
contraction, and brings the muscles at once to rest and normal 
flaccidity. 

§ 661. We may in this connection profitably consider very 
briefly one or two points concerning the voluntary movements of 
speech in man. the evidence touching the connection of which with 
an area on the third frontal convolution appears so very clear. 
Speech is eminently a ' skilled ' movement ; it involves the most 
delicate coordination of several muscular contractions, and we may 
certainly say of it that it has to be 'learnt.' Now, the whole chain of 
coordinated events by which the utterance of a sentence, a word, or 
any vocal sign is accomplished consists of many links, the breaking 
of any of which will lead to failure of one kind or another in the 
act. Something may go wrong in the glossal or other muscles, in 
the nerve endings in those muscles, or in the fibres of the nerves, 
hypoglossal and others, between the central nervous system and 
the muscles, or something may go wrong in that part of the 
central nervous system, the bulb to wit, in which a certain amount 
of coordination is carried out just previous to the issue of the 
motor impulses. Damage done to any of these parts of the 
mechanism may lead to dumbness or to imperfect speech. In the 
latter case the imperfections have a certam character ; if we are 
at all able to gather the wish of the speaker, we recognize that he 
is attempting to utter the right words in the right sequence, but 
that his efforts are frustrated by imperfect coordination or imperfect 
muscular action; his speech is 'tnick,' the syllables are blurred 
and the like. Disease of the bulb at times leads to imperfect 
speech of this kind in which the imperfection may be recognized 
as due to the lack of proper coordination of motor impulses. The 
affection of speech, known as 'aphasia,' which is caused by 
lesions of the cortex is of a different character, and the forms 
of imperfect speech caused by bulbar disease have justly been 
distinguished from tnie aphasia by the use of other terms. Cases 
of complete aphasia in which all power of speech is lost, do little 
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more than help us to ascertain the topographical position in the 
cortex of the ' speech ' area, but cases of partial aphasia are 
especially instructive. The striking feature of partial aphasia is 
the failure to say certain words or syllables, and the tendency to 
substitute some wrong word or syllable for the right one. The 
words or syllables which are uttered ore rightly pronounced with- 
out defect of articulation ; and in many cases, though the right 
woi-d cannot be produced as a direct effort of the will, it may be 
uttered under the influence of an emotion, or indeed sometimes as 
the I'esult of some psychical processes more complex than those 
involved in the mere volitional effort to say the word. An in- 
structive case is recorded of a man suffering from slight aphasia, 
who ailer several bilures to say the word ' no ' by itself, at last 
said, " I can't say no, sir," 

Using the word aphasia in its wide sense of imperfections of 
speech of cortical origin, we find that there are many different 
kinds, and some of them have been distinguished by special names. 
Without attempting to go into any details we may say that the 
study of such cases (which has the advantage over experiments on 
animals of an appeal to consciousness) illustrates m a striking 
manner the theme on which we are dwelling, namely, the targe 
share taken by sensory impulses in the development of a voluntary 
movement. This is indeed shewn by speech of all kind, perfect as 
well as imperfect ; our speech for instance is directly dependent on 
our hearing, and he who is bom deaf is also mute. But the study 
of the several cases of aphasia has shewn how many and varied are 
the sensory factors in the whole complex act of speech. We may 
recognize what we may perhaps call the more distinctly motor side 
of the whole business the mechanism of which lies in the third 
&ontal convolution, but the due working of this mechanism is con- 
tingent on sensory influences reaching it from distant porta of the 
cortex. Thus, for instance, cases are sometimes met with in which 
the patient cannot repeat aloud a word which is spoken to biro, 
though we have evidence that he hears very well, and though he 
can speak the word when it is shewn to him in type or in writing, 
or when he is led to wish to utter the word for some reason other 
than that he has heard it. In such cases the general motor 
mechanism for speech is intact, as is also the general sensory 
mechanism for hearing, but the something which brings the 
auditory sensations conveyed by the latter into relation with the 
former is wanting, and in consequence the efficiency of the whole 
speech mechanism is impaired. This is sometimes spoken of as 
'auditory aphasia.' Cases of an analogous visual aphasia also 
occur, and thus in a general way a 'sensory' aphasia has been 
distinguished from a ' motor ' aphasia. Thus (quite apart from its 
closer coimection with the sensory impulses which proceed from the 
larynx itself, and which are more comparable with the cutaneous 
sensory impulses bo essential as we have seen to the carrying out 
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of a voluntary movement of a limb or part of a limb) the due 
eflSciency of the mechanism of speech is dependent on the due 
access of sensory impulses from very various parts of the cortex. 

Writing ia a skilled act, to a certain degree comparable with 
speech ; and a condition of ' agraphia ' analogous to aphasia is met 
with in which the patient cannot write properly; he writes the 
wrong word or merely makes a scrawl. This condition is similarly 
due to failure of not the distinctly motor but of the sensory factors. 

What is thus shewn in aphasia and the tike may also be traced 
in all our voluntary movements. For instance, in all voluntary 
movements which affect the position of the body and in which the 
maintenance of et^uilibrium ia concerned the due activity of the 
Bolandic cortex is dependent not only on its own integrity, not 
only on the proper upward sweep of sensory impulses from 
various cutaneous and other afferent nerves, but also in a special 
way on impulses reaching it from the vestibular nerve. When a 
gymnast is executing skilled and carefully learnt voluntary move- 
ments in which a multitude of skeletal muscles are simultaneously 
or successively employed, we may presume, from what we have 
already learnt, that his Rolandic cortex is in high efficiency, that 
all the ingoing impulses along seusorj' nerves ana all the outgoing 
impulses along the pyramidal tract are most carefully adjustea, 
and that all necessary coordination, be it in the cortex itself or in 
other parts ot the brain, or in the spinal cord at the exit of the 
ventral roots, is properly effected. But all this ia of no avail if 
some accident should injure his semicircular canal ; in the absence 
of the due vestibular impulses his ' will ' would be unable to bring 
about the discbarge of the centrifiigal impulses from the cortical 
pyramidal cells in the proper way. 

The predominant importance of sensory elements in the carry- 
ing out of voluntary movements by means of the Rolandic area 
of the cortex is further illustrated by a study of the movements 
which result from stimulation of regions of the cortex other 
than the parietal, namely, of the occipital and temporal regions. 
The movements which may be called forth by stimulation of the 
occipital region are those of the eyea, and the particular occipital 
area whose stimulation leads to movements of the eyea ia one 
which, B8 we shall presently see, is especially concerned in the 
full development of visual sensations. Here we have a direct con- 
nection between sensations, visual sensations proceeding from the 
retina, and movements of the eyeballs ; and there appeara to be an 
anatomical path for such a connection, namely, fibres leading 
directly from the occipital cortex to the nuclei of the nerves 
goveniing the ocular muscles, a path quite distinct from the path 
afforded by fibres of the pyramidal tract connecting the portion of 
the Rolandic area concerned in movements of the eyes, with the 
same ocular nuclei. Thus the important movements of the eyes 
are presided over by two cortical centres, one in the Rolandic area. 
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the other in the occipital region. An essential condition of the 
due activity of both centres is the advent from the eyes of sensory 
impulses. In the case of the occipital area these are the specific 
visual sensations proceeding from the retina; in the case of the 
■ eye area ' in the Rolandic region they proceed from the muscles 
and other tissues of the eyeballs. The two mechanisina are 
distinct, though probably in some way associated together. The 
movements elicited by stimulating the occipital cortex are not 
brought about by any indirect effect on the Rolandic area : they 
continue to appear as usual after removal of the eye area in 
that region. The connection between the more general sensory 
sensations derived fi-om the eyeball and the movements of the 
eveballa is probably of a simpler character than that between 
tne specific visual sensations and the same movements ; beace 
the results of artificial stimulation are, as we have said, more 
certain in the former case than in the latter. 

Much in the same way as the movements of the eyes thus 
arising from stimulation of the occipital cortex seem to be con- 
nected with visual sen.sations, so analogous movements of the ear 
which often result from stimulation of the temporo-sphenoidal 
cortex seem to be connected with auditory sensations ; as we shall 
see, this region of the cortex seems to be especially concerned lo 
the development of auditory sensations. 

Before leaving this subject of the intervention of sensory im- 
pulses in voluntary movements, though we shall shortly deal with 
the development of sensations, we may profitably insert here a 
warning that that intervention is a complex matter, especially 
when viewed on the sensory side. The fact that removal of the 
Rolandic area interferes with sensations and that cutting off sensory 
impulses entails loss of voluntary movement must not lead us to 
conclude that the motor effects of stimulating the cortex are caused 
by the stimulation giving rise to sensations or that in carrying out 
a voluntary movement we necessarily are directly conscious oii and 
appreciate as distinct sensations, the sensory impulses which inter- 
vene in the act. Cases are recorded of complete hemiarue&tbesia, 
that is of toss of sensation over one side of the body, in which full 
power of voluntary movements, even of skilled and delicate move- 
ments, was retained. In such cases the mischief entailing the loss 
of sensation appears to have been limited to certain higher parts of 
the brain. And the absence of sensations thus caused marks a 
different physiological condition from that in which sensations are 
lost by the blocking of sensory impulses at almost their origin as 
by the section of the afferent roots. This would seem to point to 
the conclusion that though sensory impulses are in some way con- 
nected with the Rolandic area, the full development of conscious 
sensations is independent of the proper working of that cortical 
area. But, as we said, we do not discuss here the nature of 
sensations, and only mention the above fact in order to prevent 
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any misconception ariaiu^ from the importance which we have 
attached to trie intervention of sensory impulses in development 
of voluntary movements. 

§ 662. The histological study of the cortex led us to the con- 
clusion that its dominant feature was a multiplicity of functions 
by means of which impulses of diverse nature and coming from 
different sources might meet and play upon each other. This is in 
complete concordance with the considerations on which we have 
just been dwelling ; we may regard an outgoing manifestation of 
activity, such as an impulse leading to movement, as the resultant 
of the impulses confluent at the cortex. The results of artificial 
stimulation of the parietal region of the cortex have given undue 
prominence to the motor (pyramidal tract) elements, and thia has 
Been further emphasized by the use of the term ' motor ' region. 
But even from what ha-s been already said, it is evident that 
the sensor)' elements are at least as important as the motor; 
we may perhaps place the sensory elements (including their 
psychical developments) in the first line, and regard the pyramidal 
tract mechanism as something superadded to and consequent 
upon the extension and perfection of sensory processes. In this 
connection it is worthy of note that the afferent fibres passing up 
to the cortex in the Rolaudic area acquire their medulla and pre- 
sumably become functionally active before the efferent pyramidal 
fibres proceeding from the same area. 

We have seen that a dog from which the Rolandic region of the 
cortex has been removed can, upon recovery after the operation, 
carry out voluntary movements so well that il is difiBcult to detect 
any deficiency in this respect. Let us take a simpler case, one in 
which injury to the cortex is avoided, that of a dog in which both 
pyramids in the bulb have been divided and in which both the 
pyramidal tracts below the section have degenerated. Such a dog 
after recovery from the operation, though no regeneration of the 
pyramidal tract takes place, is able apparently to execute all the 
ordinary voluntary movements of which a dog is capable. Obviously 
in such a case the will has access by other paths than the pyramidal 
tract to the spinal mechanisms connected with the ventral roots of 
the spinal roots. Yet we can hardly doubt that while the pyra- 
midal tract wa.'« intact, the animal made use of it ; and we may 
further infer that the movements of a dog without the pyramidal 
tracts are different from those of a dog in which these are intact, 
though we cannot state exactly what the ditferences are. 

When the pjTamidal tract is abolished by removal of the 
Rolandic cortex, the initial loss of voluntary movement is accom- 
panied by loss of sensation ; and as we have seen the recovery 
from the latter is less complete than that from the former. Indeed 
even with our imperfect means of analysing the sensations of 
onimats, we have evidence tending to shew that sensations never 
become again exactly what they were before ; and we may probably 
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infer that removal of the cortex does eotail some permaneDt loss of 
sensations, not perhaps of common cruHe sensations, if we may be 
allowed the use of such a phrase, but of finer, more or leas elaborated 
senBatioQs. If now we allow ourselves to assume, and there are 
reasons for our doing so, that the movements which we may call 
skilled, that is learnt by experience and trial, demand for their due 
carrying out the cooperation not merely of crude sensations but of 
the more elaborated ones of which we are speaking, we can 
appreciate the value of a direct motor path, such as that afforded 
by the pyramidal tract, between the cortex, which acts so to speak 
as the nodal point of these elaborated sensations and the motor 
mechanisms of the cranial or spinal nerves. 

In other words, we may roughly distinguish two kinds of 
voluntary movements, each with its appropriate mechanism. In 
the first place there are the simpler earlier voluntary movements, 
whose development demands merely simple sensations, and in 
carrying out which parts of the brain other than the cortex are 
very largely concerned. In the second place there are the more 
complex, finer, skilled movements, for whose development, more 
elaborated, more psychical sensations, if we may use the phrase, are 
necessary ; these are essentially carried out by the cortex and 
make use of the pyramidal tract. In carrying out the former the 
skeletal muscles m all parts of the body may be indifferently used ; 
the instruments of the latter are more particularly those parts of 
the body, such as the hand with its digits, the sensations from 
which are most elaborated, and these are as we have seen, especially 
represented in the cortex. 

In animals below the dog skilled acquired movements of the 
second class are scanty or afaaent, as is also the pyramidal tract ; 
and as we descend the scale the cerebral cortex becomes, as we 
have seen, less and leas important for the carrying out of the simpler 
movements of which alone the lower animal is capable. 

As we ascend from the dog through the monkey to man the 
skilled voluntary movements, those which have to be learnt, take 
up a greater and greater share of the total life, and the pyramidal 
tract increasing in size comes into greater and greater use. So 
much so that we may regard it as probable that in man the ordinary 
mechanism for voluntary movements is that of the pyramidal tract. 
We may also perhaps add that the more primeval mechanism of 
voluntary movements, that which obtains in the fish and the frog, 
and in which the parts of the brain lying behind the cerebral 
hemisphere play so important a part, nas in man fallen in 
desuetude, and when the pyramidal mechanism fails cannot be 
trusted to do even its simpler work. And even if this be con- 
sidered as not aa yet distmctly proved, there still remains tbe 
conclusion that man's ' will ' is, from a physiological point of view, 
very different from that of the lower animals, much more different 
than was once thought. 
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§ 663. The preceding discussion will enable us to be very 
brief concerning a question which has from time to time been 
much diacuHBed, and which has acquired perhaps factitious im- 
portance, viz. the question as to how volitional impulses leading 
to voluntary movements travel nlong the spinal cord. 

There was a time, and that not very long ago, when the results 
of experimental interference with the spinal cord, such aa hemi- 
Bection of it, in animals seem to point to the conclusion that 
volitional impulses, crossing over m the region of the bulb 
travelled down the cord, keeping exclusively to the aide to which 
they had crossed, while sensory impulses entering the cord 
crossed gradually hut speedily over to the opposite side and 
travelled up to the brain on that opposite side. And such a 
oonclusion was very largoly accepted. We shall deal with sensory 
impulses later on, and confining ourselves now to volitional 
impulses, we must in considering these bear in mind three im- 
portant conclusions to which we have been led in the preceding 
aisciissions. In the first, the central nervous system, including 
the spinal cord, differs so much in different animals, and especially 
in man as compared with other mammals, that we cannot safely 
deduce from the results of experiments on one kind of animal 
conclusions concerning another kind; and this applies especially 
to man. In the second place, we must, if the conclusions to 
which we have been led by the discussions contained in the 
preceding sections are just, distinguish between those voluntary 
movements in which the efferent impulses are carried by the 
fibres of the pyramidal tract and those which are not. In the 
third place, we cannot wholly and sharply dissociate volitional 
and sensory processes; as we have seen, the development of a 
voluntary movement is contingent on the due procedure of sensory 
impulses no less than on the integrity of the purely motor part of 
the volitional mechanism. 

Keeping these cautions in view we may consider first the case 
of the dog. In this animal the particular voluntary movements 
carried out by means of the relatively small pyramidal tract 
probably form, as we have seen, a relatively small part of the 
whole number of its voluntary movements ; in a dog which has lost 
the whole of both its spinal pyramidal tracts by section of the 
pyramids in the bulb, there seems very little wanting as regards 
voluntary movement, iu spite of the fact that the section of 
the bulbar pjTamids, which contain other fibres than those of 
the pyramidal tract proper, must have injured nervous mechanisms 
other than that of the pyramidal tract itself. 

Conc«rning the path of volitional impulses in the dog in the 
voluntary movements which we may presume to be carried out 
by means of the pyramidal tract, the only conclusion we can come 
to is that the impulses follow the anatomical path. That is to 
■ay, all or nearly all the volitional impulses cross over at the 
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decussation of the p}Taniid3 to the lateral region of the opposite 
side of the cord (for the direct ventral pj-ramidal tract is, as 
we have seen, absent or all but absent in the dog) and continue 
on that side until they reach the appropriate cells in the ventral 
horn, and so issue as motor impulses along the ventral roots. 

Concerning the path of the larger number of volitional im- 
pulses, in carrying which the pjTamida! tract takes no part, or so 
little a part that they seem to be equally well developed in its 
absence, our knowledge being based chiefly on the results of 
experiments is far from being satisfactory. It has been found 
that a section of a lateral half of the cord, a lateral hemisection, 
or a section limited to the lateral column of one side, has for 
one of its principal effects loss of voluntaiy movement on the 
same side in the parts supplied by motor nerves leaving the 
cord below the level of the section. We say ' one of its principal 
effects ' because, besides the concomitant interference with 
sensations concerning which we shall speak presently, the loss 
of voluntaiy movement is not absolutely confined to the same 
side ; there is some loss of power on the crossed side, at least in 
a large number of cases. We must not lay stress on this crossed 
paralysis because it may be one of the ' shock ' effects of the 
mere operation, not a pure 'deficiency' phenomenon, and indeed 
appears soon to pass away. Further, in the experience of many 
experimenters the loss of voluntary power on the operated side also 
diminishes after a while, and the animal if kept alive and in 
good health long enough appears to regain almost full voluntary 
power over the affected parts. In such cases, as in other operations 
on the central nervous system, there is no regeneration of nervous 
tissue ; the two surfaces of the section unite by connective, not - 
nervous tissue, and the tracts which as the result of the section 
degenerate doivnwards or upwards are permanently lost. Hence 
even if we admit that a voluntary movement of the kind which 
we are discussing is chiefly carried out by means of impulses 
passing along the lateral half of the cord, and apparently along 
the lateral column right down to the motor mechanisms im- 
mediately connected with the motor nerves, we must also admit 
that the ' will ' under changed circumstances can find other 
channels for gaining access to the same mechanisms. 

It has been further observed that if in the dog a hemiscction 
be made at one level, for instance in the lower thoracic region of 
the cord, and then, after waiting until the voluntary power over 
the hind limb of that side has returned, a second hemisection, this 
time on the other side, be made at a higher level, this second 
operation is followed by results similar to those of the first ; there 
is loss of voluntary power on the side operated on, with some loss 
of power on the crossed side, and as in the first case this loss of 
power not only on the same but also on the crossed aide may 
eventually disappear. This shews among other things that the 
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recovery after the first operation was not due to the remaining 
pyramidal tract doing the work of both. Further, the hemisection 
may be repeated a third time, the third hemisection being on 
the same side as the first, with at least very considerable return 
of power over both limbs. That is to say, under such abnormal 
circumstances voluntary impulses may, so to speak, thread their 
way in a zigzae manner from side to aide along the mutilated cord 
until they reach the appropriate spinal motor mechanisms. 

Such experiments however do not teach ws what is the normal 
path of volitional impulses in an intact animal. Still they do 
teach us a not unimportant lesson, namely, that the passage of 
volitional impulses within the nervous system is determined, not 
only by anatomical, but also by what we may call physiological 
conditions, a lesson already taught, as regards other impulses, in 
a very marked way by the phenomena of strj'chnia poisoning. 
(Cf. § 586.) A limit to the possible turnings and twistings of a 
nervous impulse through the maze of the spinal cord is undoubtedly 
fixed by anatomical structure. An impulse can only pass along & cell 
or some part of a nerve cell, an axon or a collateral or a dendrite, 
it cannot wander over the neuroglia, and if it has to change its 
path, to shift from one track to another, it must find some junction, 
some synapsis to enable it to get on to another line. But even 
our present knowledge has opened up for us an almost unlimited 
number of junctions ; and in this respect the short ' ground " fibres 
of the cord play probably an important part. The orderly tangle 
of the grey matter of the cord presents a multitude of possible 
paths, yet all the path.'^ are marked out. We can best explain 
such vicarious actions as those of which we are speaking, and 
there are many other such, by supposing that the lines of re- 
sistance, determined by physiological conditions, are such that, 
under normal conditions, the impulse always takes a particular 
path, but that under abnormal conditions, and among these we 
may put the blocking of the normal path by section of it, the 
impulse may wander into other unusual paths. 

We may add that this view may be applied as a correction of 
or caution concerning the conclusion at which we arrived in 
respect to voluntar)' movements after loss of the pyramidal tract. 
We are not justified in inferring that a movement is not carried 
out by means of the pyramidal tract because it may be carried out 
in the absence of the tract. 

§ 664. When we reflect on the great prominence of the 
pyramidal tract in the spinal cord of man as compared with that 
of the dog, we may justly infer not only that the pyramidal tract 
is under norma] circumstances more e.volusively the channel of 
volitional impulses in man than in such lower animals, but also, 
bearing in mind the discussion in a previous chapter, § 591, 
concerning the activities of the spinal cord of man, that the 
potential alternatives presented by the spinal cord of the dog 
F. III. 74 
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are greatly reduced in that of man. And such clinical histories 
of disease or accidental injury in man as we possess support this 
conclusion. Lesions confined to one half of the coi^d, or even 
lesions confined to the lateral column of one half, appear to lead 
to loss of voluntary power on the same side, and the same side 
only, in the parts below the level of the lesion ; and the same 
symptoms have been observed to accompany disease limited 
apparently to the pyramidal tract of one side. Moreover, though 
cases of recovery of power have been recorded, we have not such 
satisfactory evidence as in animals of the volitional impulses 
ultimately making their way along an alternative route. 

When we say that the loss of voluntary power is seen on the 
side of the lesion only, we should add that this statement appears 
to apply chiefly to the thoracic and lower parts of the cord. 
- We have seen that in man, in the upper regions of the cord, 
the pyramidal tract is only partly crowed ; a variable but not 
inconsiderable number of the pyramidal fibres do not cross at the 
decussation of pyramids, but running straight down as the direct 
pyramidal tract effect their crossing lower down in the cervical 
and upper thoi-acic regions. Hence we should infer that a hemi- 
section of, or a lesion confined to one side of the cervical cord, 
would affect the voluntary movements of the crossed side as well 
as of the same side, though not to the same extent. But we have 
no exact information as to this point. And indeed the purpose of 
the direct tract is not clear ; there is no adequate evidence for the 
view which has been held that these direct fibres are destined for 
the upper limbs and upper part of the body; since they are the 
last to cross we should d priori be inclined to suppose that they 
were distributed to lower rather than higher parts. 

With respect to the monkey we may say that in regard to 
the matter which we are discussing, it is intermediate between 
man and the dog, though much nearer to the former. The passage 
of volitional impulses along the cord is in the main that marked 
out by the pyramidal tracts, but the use of vicarious channels, 
though more distinct than in man, is far more rare than in the dog. 

§ 665. We may now briefly summarise what we know con- 
cerning voluntary movements. And it will be eonvenient to trace 
the events in order backwards. 

Certain muscles are thrown into a contraction which even iu 
the briefest movements is probably of the nature of a tetanus. 
In almost every movement more than one muscle as defined by the 
anatomists is engaged, and iu many movements a part of several 
muscles is employed, and not the whole of each. It is perhaps 
partly owing to the latter fact that a muscle which has become 
tired in one kind of movement, may shew little or no fatigue when 
employed for another movement, though we must bear in mind 
that in a voluntaiy movement fatigue is much more of nervous 
than of muscular origin. 
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Besides the active muscles, if we may so call them, which 
directly carry out the movement, the metabolism of which supplies 
the energy given out as work done, other muscles, some of wtiich 
are antagonistic to the active muscles and some of which may be 
spoken of aa adjuvant, enter into the whole act. lu flexioo for 
instance of the forearm on the ami it is not the flexor muscles 
only but the extensors also which are engaged. According to the 
immediately preceding position and use of the arm, and according 
to the kind and amount of flexion which is to be carried out, the 
extensors will be either relaxed, that is to say inhibited, or thrown 
into a certain amount of contraction. And in some of the more 
complicated voluntary movements the part played by adjuvant 
muscles is considerable. Hence in a voluntary movement the will 
has to gain access not only to the active muscles, but also to the 
antagonistic and adjuvant muscles; and eveir voluntary movement, 
even one of the simplest kind, is a more or less complex act. 

The impulses which lead to the contraction of the active 
muscles reach the muscles along the fibres of the ventral roots 
(we may fur the sake of simplicity take spinal nerves alone, 
neglecting the peculiar cranial nerves), and such evidence as we 
possess goes to shew that the impulses governing the antagonistic 
and adjuvant muscles travel by the ventral roots also ; the (juestion 
whether the inhibition of the antaeonistic muscles when it takee 
place, is carried out by inhibitory impulses passing as such along 
the fibres, or simply by central inhibition of previously existing 
motor impulses need not be considered now. These ventral roots 
are bundles of axons of cells of the grey matter of the cord, and 
in each hj'pothetical segment of the coixl we may recognize the 
existence of an area of grey matter which, though we cannot 
define its limits, we may, led by the analogy of the cranial nerves, 
call the nucleus of the nerve belonging to the segment ; and we 
may further recognize in such a nucleus what we may call its 
efferent and its afferent side. 

Every voluntary movement, even the simplest, is as we have 
repeatedly insisted a coordinated movement, and in its coor- 
dination afferent impulses play an important part. The study 
of reflex actions, § 589, has led us to suppose that each spinal 
segment presents a nervous mechanism in wnich a certain amount 
of coordination is already present, in which efferent impulses 
are adjusted to afferent impulses. But the results obtained by 
stimulating separate ventral nerve roots shew that, in the case 
of most muscles at all events, the especially active muscles of the 
limbs for instance, each muscle is supplied by fibres coming from 
more than one nerve root, that is to say, the spinal nucleus, or at 
least the spinal motor mechanism for any one muscle, extends over 
two or three segments. Heoce d fortiori in a voluntary movement, 
involving as this does in most cases more than one muscle, the 
^inal mechanism engaged in the act spreads over at least two or 

74—2 




1156 VOLUNTARY MOVEMENTS, [Book hi. 

three segments, thus allowing of increased coordinfttion. In that 
coordination the impulses Berv*iDg as the foundation of muscular 
sense play an important part, but other afferent impulseg, such as 
those from the adjoining skin, also have their share in the matter ; 
and it is worthy of notice that not only is the skin overlying 
a muscle served, broadly speaking, by nerve roots of the same 
segment as the muscle itself, afferent in one case, efferent in 
the other, but in the parts of the body where coordination ia 
especially complex, in the fingers for instance, not only is each 
muscle supplied from more than one segment, but also each piece 
of skin 13 supplied in the same way by the dorsal roots of more 
than one nerve. 

In the case of the frog it is clear that in reflex movements 
a large amount of coordination i» carried out by these various 
spinal mechanisms ; and as we have urged, we may safely infer 
that in the voluntary movements of the frog, the will makes use 
of this already existing coordination, whatever be the exact path 
by which in this animal the will gains access to the spinal 
mechanisms. In the dog we may conclude that in voluntary move- 
ments the spinal mechanisms, with their coordinating functions, 
are also set in action, in this case by impulses passing straight 
from the cortex to the mechanisms of the pyramidal tract, though 
as we have seen, in the absence of the pyramidal tract, the will 
can work upon the mechanisms by changes travelling through 
other parts of the cerebrospinal axis. And in the monkey and 
man, subject to the doubts already expressed as to the poten- 
tialities of the human spinal cord, we may probably also infer 
that in each voluntary movement some, perhaps we may say 
much, of the coordination is carried out by the spinal mechanism 
set into action through impulses along the pyramidal tract. We 
may probably further infer that a careful adjustment obtains 
between the beginnings of the pyramidal tract in the cortex and 
its endings in the cord, so that the topography of 'areas' or 
'foci' in the cortex above is an image or projection of the spinal 
mechanisms below. 

But valuing the coordination carried out by the purely spiual 
mechanism at its highest, this in the genesis of a voluntary move- 
ment ia insignificant compared with the coordination which takes 
place in the cortex. Here is tied the knot, the cords of which 
come from many parts. We have seen that the cortical area from 
which proceed the pyramidal hbres conveying the impulses which 
move as an act of the will, any part, such as the thumb, is also an 
area whither travel the sensory impulses coming from the skin 
and other tissues of that part; and it is here that by means of 
the latter the former are coordinated in order to produce move- 
ments which no spinal or other mechanism can carry out by itsel£ 
Further, in the carrying out of at least many voluntary movements, 
other sensory impulses are or may be concerned, visual impulses, 
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auditory impulses, the vestibular impulses which ent«r so deeply 
into movements affecting the position of the body, and still others. 
These, reaching the cortical area whence the pyramidal impulses 
issue, along lines provided by the intricate network of the nervous 
fibres and fibrils, determine the character of the pyramidal out- 
flow. In every voluntary movement many parts of the brain, 
indeed of the whole nervous system, other than the particular 
area, or nodal point which serves as the starting-point of the 
pyramidal fibres, play their part, and in even a relatively simple 
movement a large part of the brain is in action. 

In an ordinary voluntary movement an intelligent consciousness 
is an essential element. But many skilled movements initiated and 
repeated by help of an intelligent conscious volition may, when 
the nervous machinery for carrying them out has acquired a cer- 
tain facility (and in all the higher processes of the brain we must 
recognize that, in nervous material at all events, action deteTniines 
structure, meaning by structure molecular arrangement and dis- 
position), be carried out under appropriate circumstances with so 
little intervention of distinct consciousness that the movements 
are then often spoken of as involuntary. All the arguments which 
go to shew that the distinctly conscious voluntary skilled movement 
IS carried out by help of the appropriate cortical area, go to shew 
that the cortical area must play its part in these involuntary skilled 
movements also. So that, as indeed we have already hinted 
(§ 661), distinct consciousness is not a necessary adjunct to the 
activity of a cortical area. And it is worthy of notice that some 
of these, in their origin, purely voluntary skilled movements, which 
by long-continued training have become almost as purely in- 
voluntary, are hampered rather than assisted by being " thought 
about." 

The word ' training' suggests the reflection that the physio- 
logical interpretation of becoming easy by practice is that new 
paths are made, or the material of old paths made more mobile 
by effort and use. We have already urged more than once that 
the grey matter of the spinal cord is a network, in which the 
passage of impulses is determined by physiological no less than 
Dy anatomical conditions, and the same considerations may with 
still greater force be applied to the brain. We must suppose 
that training promotes tne growth and molecular mobility of the 
Rolandic area and of all its connections. There are doubtless 
limits to the changes that can be effected, but within these 
limits the will, blundering at first in the maze of the nervous 
network, gradually establishes easy paths; though even to the 
end it blunders, in trj-ing to carry out one movement it often 
accompUshes another. 

Lastly, without attempting to enter into psychological ques- 
tiona, we may at least say that the birthplace of what we call the 
' will,' is not conterminous with the Rolandic area ; the will aiiaes 
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from a complex series of events, some of which take place in other 
regions of the cortex, and probably in other parts of the brain 
BB well. With these parts the Eolandic area has ties concerned not 
in the carrying out of volition, but in the generation of the will. 
So that, looking round on all sides, it is obvious, as we have said, 
that the Rolandic area is a mere link in a complex chain. It is 
moreover a link of such a kind, that while the changes which 
the breaking of it makes in the daily life of a lowly animal, 
such as the dog, in whom the experience of the individual 
adds relatively little to the nervous and psychical storehouse 
transmitted from his ancestors, can hardly be appreciated by 
a bystander, those which the breaking of it makes in the daily 
life of a man, whose brain at any moment is not only a machine 
fitted for present and future work but a closely packed record 
of his past life, are obvious not only to the individual himself, 
but to his fellows. 




SEC, 8. ON THE DEVELOPMENT WITHIN THE ( 

NERVOUS SYSTEM OF VISUAL AND OF SOME OTHER 
SENRATIONS. 

Visual Sensations. 

§ 666. In the chain uf events through which some influence 
brought to bear on the periphery of a sensory nerve gives rise to 
a sensation, we are able, with more or less success, to distinguish 
between those events which are determined by the changes at 
the periphery and those which are the expression of changes 
induced m the central nervous system. Thus when certain rays 
of light proceeding from an object and falling upon the eye give 
rise to visual perception of the object, two sets of events happen ; 
the rays of light, by help of the mechanisms of the eye. partly 
dioptric, partly nervous, give rise to certain changes in the fibres 
of the optic nerve, which we may call visual impulses ; and these 
visual impulses reaching the brain along the optic nerve give rise 
to visual sensations and so to visual perception of the object. We 
shall later on, under the heading of " the senses," deal chiefly with 
the peripheral events, and have now to consider some points con- 
nected with the central events, to learn what we know concerning 
how the various sensory impulses travelling along the several 
kinds of sensory nerves behave within the central nervous system. 
In doing ao we shall have from time to time to refer to peripheral 
events, out only occasionally, and never in any great detaJI. lb 
will be convenient to begin with the special sense of sight, and 
we must first briefly call attention to a few points which we shall 
have to study in fuller detail hereafter. 

The eye is so constnicted that images of external objects are 
brought to a focus on the retina, the stimulation of which by 
light starts the visual impulses along the fibres of the optic nerve ; 
and the distinctness with which, by means of the visual sensations 
arising out of these visual impulses, we perceive external objects 
is dependent on the sharpness of the retinal images. The eye is 
further so constructed that, in any position of tne eye, the rays 
of light proceeding from a portion only of the external world fall 
upon the retina ; or in other words in any one position of the eye 
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Fia. 141. DiAoituc to illdbthitb thr Nebvoch ArrARATira of Vibiok ih Him. 



L. the left e.ve, R. the right eye, o.x. tbe optio &iU. F. the ootlme of the tece 
'^~*~veeD the eyea. Op.T, the right optic tract (shaded) sapplyiDg. thtougb Op. 
the optic decussation, the temporal aide of the retina o[ the right eye aod 
\ne nasal side of the retina of the left eje. L. F. L. and L. F, B. thi: left 
rinu] fields of the left and right eye reepectiTely ; the two fields and the parta 
of the two retinnB whose excitation prodnoes vision over the fields are shaded, 
the object a in the field of the right side giving rise to an image at b', and a 
on tbe left side an image at a'. 

The right optic tract is represented as ending in OL, tbe lateral corpus genicu- 
latom, to Pr. the puliinar, and in AQ. the anterior oorpun quodhgemiQum, all 
three stippled; op. rod. the optic radiation from these bodies to li. Or. tbe 
right occipital lobe, whose stippled cortex indicateti the " visual area." li, the 
■ direct ' ttaot to the cortex, c. e. eorpiu eallosum, cut acrou at tbe apleniuin, 
(. v. d. descending horn of the lateral ventricle. 

The left side has been uliliied to indicate at F. shaded with lines, the cortical 
motor area for the eyes; /in. c. indicates the path from it to HI. IV. Tl. the 
nuclei of the third, fonrth and sixth nerreB. p. b. the posterior longitudinal 
bundle, shewn as a broken line. NO. the nucleus caudatui, LN. the nucleus 
lenlioularis and TH. optio thalamus shown in outline, Ci'u. tbe front limb, 
Cig. the knee, and Cip. the hind limb of the internal oapaule. The outlines 
of the fourth ventricle 4th Vn. and ol the posterior corpora quadrigemina are 
ahewn by dotted lines, that ol (be bulb is shewn by a fhie line. p. the pineal 

only ft portion of the e.Ktemal world is visible at the same time. 
The portion so seen is spoken of as the visual field for that position. 

The image thrown on the retina is an inverted one, ao that the 
top of an actual object is represented by the lower, and the bottom 
by the upper part of the retinal image ; similarly the actual left- 
hand side of the retinal image corresponds to the right-hand side 
of the actual object, and the right-hand side to the left-hand side. 
Hence the right-hand half of the visual field corresponds to the 
leftr-hand side of the rtitina, and the left-hand half to the right- 
hand side. 

The eye can be moved in various directions, and since in the 
visual 6eld tho portion of external nature which can be seen at 
the same time differs with each different position, a large range of 
vision is thus secured : and this can be further increased by muve- 
mente of the head. Moreover we normally make use of two eyes, 
our normal vision is binocular; and tho visual field of the nght 
eye differs irom that of the left eye. There is one striking 
difference which must always be borne in mind. A section 
carried through the eye in a vertical and front-to-bock plane, 
through what we shall learn to call the optic axis (Fig. 141, ox) (tbe 
exact details of the plane may be left for the present), will divide 
the retina into two lateral halves, and in each retina one half 
will be on the nasal side next to the nose, and the other half will 
be on the malar or temporal side, next to the cheek or temple. 
It must be remembered that the nasal halves and temporal halves 
of the two retinas do not ticoupy correaponding positions in apace. 
The temporal half of the left retina is on the left side of its own 
eye, whereas the temporal half of the right retina is not of the 
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left but on the right side of its eye ; and so with the nasal halves. 
Now, in the right eye, the right-hand side of the visual field 
corresponds to tne nasal half of tho retina, and the left-hand side 
of the vUual field to the temporal half of the retina, whereas in 
the left eye the right-hand side of the visual field corresponds to 
the temporal half of the retina, and the left-hand side to tne nasal 
half. ThiH is shewn in Fig. 141, where the left-hand visual field 
and the retinal area concerned are shewn shaded in each eye. 

When we look at an object with the two eyes, though two 
retinal images are produced, one in one eye and one in the other, 
we perceive one object only, not two. This is the essential fiict of 
binocular vision ; when certain parts of each retina are stimulated 
at the same time we are conscious of one sensation only, not two ; 
and the parts of the two retinas which, stimulated at the same 
time, give rise to one sensation are spoken of as " corresponding 
parts.' From the structure and relations of the two eyes it follows 
that the temporal side of the right and the nasal side of the left eye 
are such corresponding parts, while the nasal side of the right eye 
corresponds to the temporal side of the left eye. But the whole 
of each retina is not employed in binocular vision. Owing to the 
position of the two eyes in relation to the nose, it comes about that 
an object held very much on one side, to the leftr-hand aide for 
instanoe, while it is capable of producing an image on the extreme 
nasal side of the left eye, and can be seen therefore by that eye, can- 
not produce an image on the temporal side of the right eye ; the nose 
blocks the way. It is therefore not seen by the nght eye, and the 
vision of it is monocular, by the left eye only. In Fig. 141 it may 
be seen that the left visual field of the left eye {L.F.L) extends 
more to the left, and is larger than the left visual field of the right 
eye, L.F.R, and that the right retinal area, corresponding to the 
left visual field, extends farther along the nasal side of the left side 
{(£), than it does along the temporal side of the right eye (a'), the 
difference being due to the presence of the nose {F). And similar 
conditions obtain with regard to the extreme right-hand side of 
the visual field. 

§ 667. After these preliminary statements, we may now turn 
to consider some anatomical facts concerning the endijig of the 
optic nerve in the brain. 

The optic nerve of each eye consists of nerve fibres coming from 
alt parts of the retina of that eye ; but the two optic nerves meet, 
ventral to the floor of the third ventricle, cross each other at 
the optic chiasma (Fig. 141, op. De), and are thence continued on 
under the name not of optic nerves but of optic tracts (Op.r,). 
The decussation of fibres which takes place in the chiasma has 
peculiar characters. At their decussation (we are speaking now of 
man) the fibres in the optic nerve belonging to the temporal half 
of the eye in which the nerve ends pass into one optic tract, namely, 
the optic tract of the same side, while the fibres belonging to the 
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DKsal half pass into another optic tract, namely, the optic tract of 
the opposite side. Thus the fibres of the temporal half of the right 
eye and of the nasal half of the left eye pass into the right optic 
tract, and the fibres of the nasal half of the right eye and of the 
temporal half of the left eye pass into the left optic tract. Compare 
Fig. 141, in which the fibres forming the ngbt optic tract are 
shaded while those forming the left optic tract are left unshaded. 
Now, the nasal halfof one retina and the temporal half of the other 
retina are 'corresponding' parts. Hence, while each optic tract 
contains fibres belonging to half of each eye, the two halves thus 
represented in each tract are corresponding halves. 

The amount and character of the decussation taking place in 
the optic chiasma differs in different animal types, the differences 
having relation to the amount of binocular vision, which in turn 
depends on the position of the eyes in the head, that is, on the 
prominence of the face between the eyes. In the fish for instance, 
with laterally placed eyes, no binocular vision at all is possible, 
and the decussation is complete ; the whole optic nerve of each eye 
crosses over to the other optic tract. Between this and the 
arrangement in man just deiicribed, various stages obtain in 
various animals. 

The chiasms also contains at its hinder part fibres which 
have no connection with the optic nerves or the eyes, but are 
simply commissural tracts passing from one side of the brain, 
namely, from the median corpus geniculatum (§ 630) along 
one optic tract, through the chiaama to the other optic tract, 
and so to the median corpus geniculatum of the other side of the 
brain. These fibres are spoken of as the inferior or posterior 
(optic) commissure or arcuate commissure, orGudden's commissure. 
It was once thought that in a similar way fibres passed from one 
retina along one optic nerve, through the front part of the chiasma 
to the other optic nerve, and so to the other retina forming an 
anterior (optic) commissure ; but this seems to be an error. 

§ 668. The optic vesicle is, as we have seen, budded oBF from 
the fore-brain or foreninner of the third ventricle, and the optic 
chiasma is attached to and forms part of the floor or ventral wall 
of that ventricle. In a view of the basal or ventral surface of the 
brain the diverging optic tracts are seen to separate the anterior 
perforated space and lamina cinerea in front from the posterior 
perforated space, tuber cinereum with the infundibulum, and 
corpora albicantia behind, all these being parts of the floor of the 
third ventricle. From the grey matter in this floor fibres, forming 
what is sometimes spoken of as Meynert's commissure, belonging 
neither to the optic nerves nor to the inferior commissure, join 
the optic tracts, eventually leaving them to pass to the pea. 
Hence the whole of the optic tract is by no means derived from 
the optic nerve, the fibres just mentioned and the inferior com- 
missure form parts of the optic tract not connected with the retina. 
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Each optic tract crosses obliquely, being in crossing firmly 
attached to, the ventral surface of the cms cerebri of the same 
side, Fig. 112 C, and is eooa lost to view, being covered up by 
the teraporo-sphenoida! lobe of the hemisphere. When thi8 is 
removed the tract is seen to sweep dorsally rouud the cms, 
towards the dorsal aspect and, as we have already (§ 630) said, 
to become connected on the farther side of the crua with the two 
cirrpora geinmilata, lateral and median. We may say at once that 
the median corpus geniculatum has no connection with that part 
of the tract which is derived from the optic nerve, and i» not 
concerned in vision, but is connected with that part of the tract, 
sometimes called the median part, which goes to form the inferior 
commissure. We may confine our attention to that part of the 
tract which consists exclusively of fibres coming from the retinas 
of the two eyes, for it is this pajt, and this part only, which is 
concerned in vision. 

§ 669. This ends in three ways, as shewn diagraraniatically 
in Fig. 141. Id the fii-st place, a large part of the tract ends in 
the lateral corpus geniculatum (GL). In the second place, a lai^e 
number of fibres passing the corpus geniculatum on its ventral 
and lateral surfaces spread out into tne pulvinar (PF"). In the 
third place others, in less but considerable number, taking a more 
median direction, reach the anterior corpus quadrigeminum {AQ). 
We must not enter into the details of the minute structure 
of these three bodies but must content ourselves with sajing that 
each consists of alternating layers of white and grey matter, the 
latter containing different kinds of cells, most of which are 
remarkably rich in dendrites. The fibres of the optic nerve, as 
we shall see when we come to deal with the eye and vision, are 
for the most part axons of cells in the retina, axons carrying 
impulses, visual impulses centripetally to the braiu. When we 
trace the fibres through the optic tract to the anterior corpus 
quadrigeminum, we find them entering into aad forming a large 
part of the supei'ficial layer or zone of white matter. Thence 
they plunge into the underlying grey matter and there end in 
extensive arborisations by which they form synapses with cei'tain 
of the cells of the grey matter. In many cases at least the fibres 
while running in the superficial white matter branch or give off 
collaterals, which also may end in similar arborisations. A similar 
arrangement obtains in the lateral corpus geniculatum and the 
pulvinar. The optic fibres, carrying visual impulses, end in one 
or other of the thi'ee bodies by synapses with constituent cells of 
those bodies. 

The optic nerve contains, besides afferent fibres carrying 
centripetal impulses just spoken of, a much smaller number of 
fibres which are the axons of cells not of the retina hut of certain 
cells in one or other of the three bodies with which we are dealing, 
chiefly, if not exclusively, the anterior corpus quadrigeminum. 
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These fibres therefore do not begin but end in the retina, and may 
be presumed to carry impulses centrifiigally from the brain to the 
retina. 

The intimate connection between the retina and the three 
bodies in question thus disclosed by histological investigation is 
further shewn by the following experimental facts. We know 
that when a nerve fibre is cut away from its nerve cell it 
degenerates; but the division, and the loss of the peripheral 
degenerating portion, has comparatively little effect on the nerve 
ceil ; when a spinal nerve, for instance, is divided below the spinal 
ganglion, though the nerve below the section degenerates, the 
ganglion and the piece of nerve in connection with it remain very 
much as before, though special examination may disclose some 
changes in the features of the nerve ceils. We have it, how- 
ever, in our power to bring about changes of a deeper and 
wider character, a cessation of growth amounting to atrophy, by 
operative interference with nervous structures before they are 
fidly developed. Thus in an adult animal, a section of an optic 
nerve or removal of the eye leads to degeneration in the optic 
nerve and optic tract; the optic fibres have their trophic centre 
in certain cells of the retina, of which we shall speak in treating 
of vision, and cut away from that centre they degenerate ; by this 
means the nature of tne optic decussation in animals, and indeed 
in man, has been ascertained. But if the eyes be removed 
(removal of both eyes being desirable on account of the characters 
of the optic decussation) in a new-bom animal, not only do both 
the optic nerves and the greater part of both optic tracts cease to 
be further developed and degenerate, but the bodies mentioned 
above, the two lateral corpora geniculata, the pulvinar on each 
side, and the two anterior corpora quadrigemina do not fully 
develope ; certain parts of them undergo atrophy. The develop- 
ment of these nervous structures seems therefore to be largely 
dependent on their functional connection with the eyes by means 
of the optic tracts and nerves. 

The same method confirms the view expressed above that the 
median corpus geniculatum has no connection with vision. When 
the eyes of new-bom animals are extirpated neither the median 
Corpora geniculata nor the posterior corpora quadrigemina shew 
any sign of atrophy, and the part of the optic tract which does 
not degenerate is the inferior commissure connecting the two 
median corpora geniculatA. We may add that in the mole, in 
which vision is meagre and the optic nerves are alight, the inferior 
commissure and the me<lian corpora geniculata are well developed. 
Obviously these parts are associated with functions of the brain 
other than those of sight. The lateral corpora geniculata, the 
pulvinar and the anterior corpora quadrigemina, are, we may 
repeat, alone to be regarded an the chief central parts in whicn 
the optic nerves end. We may also repeat that in the higher 
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animals owing to the peculiarity of the optic decussatiou each 
optic nerve thus finds its endinga in both sides of the brain. 

While the optic chiasma is, as we have seen, helping to form 
the floor of the third ventricle, it gives off fibres to the posterior 
perforated spot. Some of these have been supposed to pasa 
directly in the wall of the ventricle to the nucleus of the third 
(oculo-motor) nerve, and to serve as a chaimel for afferent impulses, 
causing constriction of the pupil ; but to this we shall return in 
dealing hereafter with the movements of the pupils. 

§ 670. Though the above three bodies aie undoubtedly the 
chief endings of the optic nerve, it has been stated that some 
fibres of the optic tract, making connections with neither of these 
three bodies, pass by the cms cerebri straight to certain parts of 
the cerebral hemisphere (Fig- 1*1, d) siipplying a "direct" 
cerebral tract ; but there is increasing evidence that this view is 
an erroneous one. We may probably with great confidence assert 
that the connection of the cerebral hemisphere with the optic 
tract is not a direct one, but an indirect one, through the three 
bodies in question. 

We called attention in § 633 to a set of fibres occupying the hind 
limb of the internal capsule, connected with the occipital cortex, 
and kno^vn by the name of the 'optic radiations.' The greater 
part of these fibres may be traced to the lateral corpus geniculatum 
and to the pulvinar of the thalamus (Fig. 141). Without entering 
into too much detail we may say that in each of these bodies are 
certain cells, relatively large and richly provided with dendrites, 
the axons of which may be traced into the optic radiations and, 
we have reason to think, end in the occipital cortex by making 
sj-napses with the cortical cells. These cells are in connection 
with the fibres of the optic nerve ending, as we have seen, in the 
two bodies in question. Probably the connection is not a direct 
one ; probably the optic fibres end in arborisations round the 
dendrites of cells of Golgi also found in abundance in these bodies, 
and the short -bran chi'd axons of these cells of Golgi form in turn 
synapses with the cells mentioned above as sending their axons 
up to the occipital cortex. Be this as it may, the fibres of the 
optic nerve, by a relay, more or less complex, in the lateral corpus 
geniculatum and pulvinar, are connected with fibres pi-oceeding 
through the optic radiations to the occipital cortex. 

Mixed with the other fibres of the optic radiations are fibres 
which may be traced to the anterior corpus quadrigeminum, 
reaching that body by its anterior brachium (§ 634). But there 
seems no doubt that a large number at least of these fibres are 
the axons, not of cells in the corpus quadrigeminum, but of cells 
in the occipital cortex. They may be assumed to be fibres carrying 
impulses, not like those of the corpus geniculatum and pulvinar to 
the cortex, but from the cortex. It has indeed been urged that 
all these fibres are of this kind, that there exist no fibres which 
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may be presumed to carry impulses from the corpus quaiiri- 

femiiium to the occipital cortex. This perhaps cannot as yet 
e considered as definitely proved ; on the other hand it has been 
maintained that the cortex sends through the optic radiations 
similar fibres to the pulvinar, if not to the corpus geniculatuni, 
fibres carrying impulses from the cortex to the lower bodies ; but 
obviously the connections of the corpus quadrigeminum, as part 
of the visual nervous mechanism, are different from those of the 
corpus geniculatum and pulvinar. In fact, the anterior corpus 
quadrigeminum may be considered as being iu part a mechanism, 
putting the motor nuclei of the 3rd. 4th and 6th cranial nerves 
(to which it sends fibres) in connection with the retina on the one 
hand by a long path for afferent impulses, up to the occipital 
cortex and back again to the corpus quadrigeminum, and on the 
other hand by a short path direct from the retina to that body. 

The intinuite connection between the three bodies in question, 
but especially the lateral corpus geniculatum and pulvinar, and 
what we may at present speak of as the occipital cortex (we will 
attempt to define its limits later on) is shewn by the following 
experimental results. When even in a grown animal (rabbit, cat 
and dog) the occipital cortex is destroyed, not only the fibres 
of the optic radiations but also parts of the lateral corpus 
geniculatum and pulvinar undergo degeneration, and there is 
some change in the anterior corpus quadiigeminnm. The de- 
generation thus observed is not, we may remark in passing, 
a degeneration resulting from the severance of axons from 
their trophic centres, i.e. from their cells. So far at least as the 
majority of the fibres of the optic radiations are concerned the 
removal of the cortex only entails the removal of the terminals 
of axons ; yet as the result of that removal the cells giving off 
those axons degenerate. The loss of the terminal prevents the 
impulses, whatever be their exact nature, which pass up along 
the axon ftiam the pulvinar &c to the cortex, fi^m producing 
their proper effects ; and this failure in some way or other affects 
the nutrition of the whole cell. The degeneration is an indirect 
degeneration due to interference with function, and probably 
may be brought about in parts of the central nervous system 
other than those which we are studying now, though it has not 
been observed in peripheral nerves. Its occurrence may profitably 
be taken as a warning of the great complexity of the passage 
of what we call a nervous impulse along the elements of the 
central nervous system. We are perhaps too apt to think that 
vhen a change in a cell of say the pulvinar, excited by a visual 
impulse along the optic fibres, produces a change in the occipital 
cortex, the cell havmg discharged a wave-like "impulse" along 
its axon, is heedless of the future fate of the wave so soon as it 
has left the perikaiyou. The facts with v^hich we are dealing 
suggest that the cell keeps, so to speak, in some way or other in 
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touch with the impulse wave which has left it, and that when a 
change in the pulviDar cell gives rise to visual sensation, the cell 
in the pulvinai- and the cell or cells in the cortex work together 
as a whole ; the material of each of them and of the whole Jengxh 
of the tie between them, is aa it were vibrating at the same time. 
When the cortical cell is cut off from the pulvinar cell the Utter 
is no longer subject to the same molecular agitations as before; 
as a consequence its nutrition suffers, and it finally wastes away. 
Such is the more probable explanation of the degeneration which 
certainly takes place. It might be urged that the degeneration is an 
indirect effect of the loss of fibres carrying impulses from the cortex 
to the lower bodies. But these fibres go cniefly at least to the 
corpus quadrigeminum, whereas the degeneration ia most marked 
in the other bodies. This however is a digression ; the main fact 
before us is that the occipital cortex has close connections with 
the three bodies with which we are dealing, especially with the 
pulvinar and corpus geniculatum. We may add that while the 
connection of the cerebral cortex with the corpus quadrigeminum 
(or optic lobe) seems to be a primary one, and is in the lower 
animals a prominent one, this in the higher animals seems lees 
prominent, owing to the increasing predominance of the connection 
with the corpus geniculatum and pulvinar. 

We have seen that in new-bom animals section of the optic 
nerves or removal of both eyes leads to atrophy of the three 
bodies under discussion. We have now to add that this, as might 
be imagined, is accompanied by changes of the nature of atrophy 
in the occipital cortex, especially in its fibres. We have further 
to add that while in the adult animal the effect of the removal 
of the occipital cortex seems to stop at these three bodies, the 
optic tract and nerve remaining at least as a rule intact, removal 
of the same cortex in the new-born animal leads also to atrophy 
of the optic tract and nerve. 

Lastly, we may state that the reaulta of operations on animals 
are con-oborated by those of disease in man. Cases are on record 
in which disease of the occipital cortex has been accompanied by 
degenerative changes in the pulvinar and corpus geniculatum. 

From all the above facts we may conclude that in the act 
of vision the three bodies with which we are dealing form an 
important relay on the visual path. Impulses started in the 
retina travelling as 'visual impulses' along the optic nerve and 
tract produce certain changes in those bodies, and as the result 
of those changes, changes of another order, the basis of what we 
call visual sensations and perceptions are excited in the occipital 
cortex. lu other words, in the complex act of vision two orders 
of central apparatus are involved; we may speak of two kinds 
of centres for vision, the primaiy or lower visual centres supplied 
by the three bodies in question, and a secondary or higher visual 
centre supplied by the cortex in the occipital region of the 
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cerebrum. And experimeDtal results as to the effect on visual 
sens&tions of interference with the occipital cortex accord with 
this view. 

Before we proceed to discuss those results, one or two pre- 
liminary observations may prove of use. 

In the first place, as we have previously urged, the interpreta- 
tion of the results of an experiment in which we have to judge 
of sensory efifects is far more uncertain than when we have to 
judge of motor effects, that is of course when the experiment ia 
conducted on an animaL We can estimate ihe motor effect 
quantitatively, we can measure and record the contraction of the 
muscle ; but in estimating a sensory effect we have to depend on 
signs, our interpretation of which is based on analogies which 
may be misleading. We are on safer around when we can appeal 
to man himself in the experiments instituted by disease ; but 
the many advantages thus secured are often more than counter- 
balanced by the diffuse characters or the complex concomitants 
of the lesion. In dealing with sensory effects we must expect 
and be content for the present with conclusions less definite and 
more uncertain even than those gained by the study of motor 
effects. 

In the second place, in dealing with vision, it will be desirable 
to know the meaning which we are attaching to the words which 
we employ. By blindness, that is ' complete or ' total ' blindness, 
we mean that the movements and other actions of the body 
are in no way at all influenced by the falling of light on the 
retina. Of partial or incomplete or imperfect vision, using the 
word vision in its widest sense, there are many varieties ; and 
we may illustrate some of the defects of the visual machinery, 
regarded as a whole, with its central as well as its peripheral parts, 
by referring to certain defects of vision due to changes in the eye 
itselt The eye may fall into such a condition, that the mind 
can only appreciate, and that to a varying degree, the difference 
between light and darkness; the mind is aware that the retina 
(or it may be part of the retina) is being stimulated to a less 
or greater degree, but cannot perceive that one part of the retina 
is being stimulated in a different way from another part; a 
sensation of light is excited, but not a set of visual sensations 
corresponding to the sets of pencils of luminous rays, which, 
reflected, or emanating from external objects in a definite order, 
axe falling upon the eye. The eye, again, may fall into another 
condition, in which such sets of visual sensations are excited, 
but on account of dioptric imperfections or for other reasons the 
several sensations are not adequately distinct; the mind is aware 
through the eye of the existence of 'things,' but cannot adequately 
recognize the characters of those things ; the visual images are 
blurred and indistinct. And a large number of gradations are 
possible between the extreme condition in which those objects only 
V. III. 75 
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which present the strougeat contrast '.vith their surroundings are 
visible, to a condition which only just falls short of normal vision. 
Imperfections of this kind, of varjing degree, may ri>sult from 
failure not in the peripheral apparatus, not in the retina, or optic 
nerve or other parts of the eye, but in the central apparatus ; the 
retinal image may be sharp, the retina and the optic fibres may be 
duly responsive, but fi-om something wrong in some part or other 
of the brain the visual sensations excited by the visual impulses 
may fail in distinctness, and that in varying degree. Imperfections 
of vision, whether of central or peripheral origin, in which visual 
sensations fail in distinctness are generally spoken of under the 
not wholly unexceptionable name otamhlyopia. 

If one optic nerve be divided, total blindness of one eye will 
result ; but if one optic tract be divided, it follows from what has 
been said above, that half-blindness in the corresponding halves of 
both eyes will result. If, for instance, the right optic tract (Fig. 
HI, Op. T.) be divided, the left visual fields of both eyes will be 
blotted out. The same condition will be brought about by failure 
in the optic tract at its central ending, provided of course the 
mischief be confined to the ending of the one tract. Such a half- 
blindness or half-vision is spoken of as kemiano-psia, or hemianojna 
or hemiopia ; the words left and right are generally used in 
reference to the visual field ; thus left hemianopsia is the blotting 
out of both left visual fields, through failure of the right optic 
tract. 

If instead of the whole optic nervo being divided certain 
bundles only were cut across, partial blindness would be the 
result, a portion of the visual field would be blotted out; and 
mischief limited to a few bundles of one optic tract might lead 
to corresponding blots in the corresponding halves of the visual 
fields of both eyes. 

Fuilher, an affection of half the retina or of a limited area in 
the retina might occur of such a character as to lead not to 
complete, but to partial blindness, to a he mi -amblyopia or to a 
partial amblyopia. The pait of the retina so affected might 
be central, or peripheral, it might be a quadrant, or a patch of 
any size, form and relative position. And we may further imagine 
it at least possible that mischief in the brain might be so limited 
as to produce any of the above partial effects, though the retina, 
optic nerve, and optic tracts all remained intact. 

The above visual imperfections we have illustrated by changes 
in the peripheral apparatus, but there is a kind of imperfection 
which we may still call a visual imperfection, though it is of 
purely central origin. In a normal state of things a visual 
sensation, excited m the brain, is or may be linked on to a chain 
of psychical events ; we often then speak of it as a visual idea. 
When we see a dog, the visual sensation, or rather the group of 
sensations making up the visual perception of the dog, does not 
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exist by itself, apart from all the other events of the brain ; it 
joins and affects tbetn. and among the events which it so affects 
may be and often are psychical events ; the visual perception 
' enters into our thoughts ' and modifies them. Between the 
visual impulse as it travels along the optic nerve or tract and its 
ultimate psychical effect a whole aeries of events intervene ; and 
we may take it for granted that the chain may be broken or spoilt 
at any of its links, at the later as well as at the earlier ones. 
We may therefore consider it possible that the break or damage 
may occur at the links by which the fully developed visual 
seusation joins on to psychical operations. We may suppose that 
an object is seen and yet does not affect the mind at all or affects 
it in an abnormal way. 

These foregoing considerations emphasize the difficulty and 
uncertainty of interpreting the visual condition of an animal 
which has been experimented upon. When, for instance, after an 
operation an animal ceases to be influenced in its previous normal 
manner by the visual effects of external objects, a. most careful 
psychical analysis is often necessary to enable us to judge whether 
the newly introduced disregard of this or that object is due to the 
mere visual sensations being blurred or blunted, or to some failure 
in the psychical appreciation of the sensations ; and in most cases 
such an analysis is beyond our reach. The greatest caution is 
needful in drawing conclusions from experiments of this kind, 
especially from such as appear to have been hastily carried out 
or hastily observed ; and we must be content here to dwell on 
some of the broader features only of the subject. 

§ 671. Before we speak of the effects of removal of the 
occipital cortex we may say a few words concerning the effects 
of stimulating it. 

We have already said (§ 661) that electrical excitation of the 
occipital cortex behind the Rolandic region may produce movements, 
but that these movements are in character different from those 
caused by stimulation of the Rolandic region itself. In the monkey 
stimulation of parts of the occipital region, the occipital lobe and 
the angular gyrus for instance, may give rise to movements of the 
eyes, of the eyelids, and of the head, that is of the neok, all the 
movements so produced being such as are ordinarily connected with 
vision. It will not be profitable to enter here into the details con- 
cerning the exact topography of the excitable parts or of the special 
characters of the movements so called forth. But it is important 
to note that these movements are unlike the movements excited 
by stimulation of the appropriate Rolandic area inasmuch as 
their occurrence is far less certain, they need a stronger stimulus 
to bring them out, when evoked they are feeble, being easily 
antagonized by appropriate stimulation of the Rolandic area, and 
they have a much longer latent period. They are not due to any 
indirect stimulation of tKe Rolandic area, through "association ' 
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fibres connecting the spot stimulated with that area, or otherwise, 
since they persist after its removal. Movements of this kind 
may also be witnessed in the dog. In both animals they 
are obviously the result of impulses transmitted in some direct 
manner from the cortex to some parts below, and a.s we have just 
seen, § 670, we now possess direct histological evidence that 
cells in the occipital cortex send down axons which pass to and 
end in the anterior corpus quadrigeminum, and through that 
body are brought into connection with the nuclei of the nerve* 
governing the muscles of the eye and also with other nervous 
motor mechanisms. In other words, the occipital cortex posseesea 
a system of fibres carrying impulses centrifugally from the cortex 
to motor nervous mechanisms connected with the eyes, comparable 
to the pyramidal tract which carries similar impulses to the motor 
nervous mechanisms of the skeletal muscles in general. Much 
in the same way that in the Rolandic area the activity of the 
pyramidal fibres is associated with general sensations of touch 
and the like, that of those among them which start from the 
' eye ' area being associated with such general sensations fr«m 
the tissues of the eyeball, so the activity of these fibres fr«m the 
occipital cortex is especially associated with visual sensations, 
and particularly perhaps we may add visual perceptions, started 
by changes in the retina. In this respect the occipital cortex 
is as much 'motor' as the parietal cortex. And it is perhaps 
worthy of note that large pyramidal cells occur in the occipital 
as in the parietal cortex. 

g 672, Turning now to the effects of removal of the cortex 
we may pass lightly over the results which have been obtained 
in the dog and lower animals ; for, in the first place, as we have 
already so often insisted, the structural arrangements differ widely 
from those in man, in the amount of decussation of the optic 
fibres for instance, and in the second place the difficulties of 
ascertaining what changes in vision have been brought about 
are exceedingly great. It will suffice to say that in these animals 
removal of the occipital cortex (we are purposely at present using 
the general term occipital) does interfere with vision in a way 
and to an extent not witnessed after the removal of any other part 
of the cortex. Removal of part or of the whole of the occipital 
cortex on one side produces imperfect vision or partial blindness, 
or blindness in one (the opposite) eye, and removal of the occipital 
cortex on both sides brings about a condition which may pro- 
visionally be spoken of as total blindness. The results of removal, 
in fact, most distinctly corroborate in a broad way the conclusions 
which may be deduced from the anatomical facts discussed above. 

In the monkey, whose central nervous system is so much more 
like that of man, the decussation of the optic fibres being in 
particular very similar, the results of experiment in the hands of 
various observers have not been wholly ijccordant ; but bearing 
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in mind the difficulties of interpretation already referred to, 
and still usine the general term occipital cortex, all the ex- 
periments lead to the broad conclusion that this part of the 
cortex is concerned in vision in a way and to an extent that no 
other part of the cortex is. The most general result of such 
experiments is that removal of the occipital cortex on one side 
leads to crossed hemiopia ; the removal of the right cortex causes 
loss of vision in the two left visual fields ; that is to say, the 
visual impulses passing from the two right halves of the retinas 
along the right optic tract fail to produce their usual etfect so 
that the animal disregards objects on its left-hand side. Removal 
of the occipital cortex on both sides produces in the monkey 
as in the dog apparent total blindness. 

In man, the study of diseases of the cortex, while also yielding 
results not wholly accordant, nevertheless most clearly supports 
the view that the occipital cortex is specially concerned in vision. 
Lesions of the occipital cortex on one side are accompanied, 
according to their extent and severity, by complete crossed 
hemiopia or hemi-amblyopia, or to defects of vision of some kind 
or other in the crossed visual fields ; that is to say, the impulses 
passing along one optic tract fail in part or in whole to produce 
their proper effect. 

Thus experiments on animals and clinical observations on 
man, viewed in the light of the anatomical facts, leave no doubt 
but that when we ' see,' something of the following takes place. 
The changes in the retina evoked by the action of light give 
rise to visual impulses which pass along the optic nerves and 
optic tracts to the lower visual centres, and these produce changes, 
the result of which in turn is that impulses or nervous events 
of some kind or other are transmitted along the optic radiations 
to the occipital cortex, arrived at which, and not until then, 
they become transmuted into or in some way develop conscious 
■ensations and perceptions. 

This broad result is clear, but beyond this the way to sure and 
precise conclusions becomes difficult. 

In the firat place, there is uncertainty as to the exact limits of 
the area of the cortex in the occipital region thus concerned 
in vision. In the monkey the majority of observations point to 
the occipital lobe itself, to the area marked ' vision ' in Figs, 134, 
135 ; but other observations, including the earlier ones, seem to 
shew that the visual cortex, if we may use the word, is that 
surrounding the angular gyrus (Fig. 133). In man clinical 
observations lead to the conclusion that the cuneus (Fig. 138) 
and the parts of the adjoining lobus lingualis bordering on the 
calcarine fissure are preeminently visual ; but there are reasons 
for including as well the occipital gyri, first, second, and even 
the third, as being visual, and some observations point to the 
superior and inferior parietal as being also concerned in the 
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matter. At present it ia not poseible to define accurately and 
surely the visual area. 

In the second place, the exiatence of a visual area in the cortex 
being granted, there is as yet much uncertainty aa to whether, 
in vision as a whole, the different districts of this area play 
different parts, and if so what is the part played by each separate 
district ; it is obvious that an adequate solution of thie problem 
might clear up the contradictions or want of accordance mentioned 
above as to the exact parts of the cortex concerned iu vision. 
For instance, it seems reasonable to suppose that each part of 
the retina is so connected with a particular part of the cortex 
that the retina may be considered as projected on to the cortex, 
the right halves, for instance, of the two retinas being pro- 
jected on to the right cortex, so that the latter bears as it were 
an image of the former ; and many observations support this 
idea. Thus it has been ui^ed that the cortex dorsal to the 
calcarine fissure corresponds to the upper, and that ventral to it 
to the lower half of the retina. Both the anatomical facts and 
experiments as well as clinical observations seem, as we have seen, 
to point to the conclusion that half the retina is connected with, 
is projected as it were on to, the cortex of one side, and one side 
only. If this be so our vision of the external world consists of 
two halves carefully pieced together along a vertical seam of 
which we are never at any time or under any circumstances 
conscious. But, if this were so, total blindness due exclusively 
to cortical disease could only occur when the two visual areas 
in the two hemispheres were both rendered useless, and would 
naturally be extremely rare, whereas among cases of deficiency 
of vision of purely cortical origin they are not so uncommon, 
and cases of total amblyopia, that is of imperfect vision equally 
marked on both sides of the field of vision, are relatively frequent 
Further, it would seem unlikely that the adjustment of the two 
halves of the field of vision which must be, and indeed is, complete 
should be left to be carried out simply by means of the callosal 
commissural fibres ensuring the joint action of the two cerebral 



And indeed, though it is true that the one half of the retina 
may be said, if we do not take into consideration any particular 
parts of it, to be structurally and functionally united with 
the cerebral hemisphere of one side, it is not true of a special 
part of it. We shall in dealing specially with the sense of sight 
speak of the central part of the retina in man. the part which 
is called the macula lutea (or yellow spot) with its fovea centralis, 
as the part of the retina in which vision is most distinct, and 
which, when in ordinary sight we direct our attention to any 
object, is used far more than any other part. Now clinical 
observations point most distinctly to the conclusion that in 
man this central part is connected with, is projected on to, both 
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cerebral hemiepherea; thus whcD a leaJuQ of the visual cortex 
of one hemisphei-e causes what appears to be a complete heiniopia 
careful examination shews, in many cases at least, that while 
practicully one-half of the field of vision is obliterated the median 
border of the obliteration passes by the macula lutea, or at least 
the fovea centralis, so that the whole of this and not a lateral 
half only of this remains functionally active. Further, it has been 
suggested, and much may be said in favour of the suggestion, 
that this central region of the retina is not connected solely with, 
is not projected as a small piece on to a limited part of the visual 
cortex, but is, so to speak, diffused over the whole or greater 
part of the visual area. Such a view opens up many problems 
and suggests that the complexity of the whole visual process is 
much greater than would appear from the general description given 
above, though the uncertainties and discordances to which we have 
referred may perhaps be taken as pointing in the same direction. 
In this relation it will be desirable to return to a consideration of 
the lower visual centres. 

§ 673. As we have said, the evidence is so strong that we 
may regard it as proved that nil the fibres of the optic tract end 
in one or other of the primary visual bodies. Whatever therefore 
takes place in the cerebral cortex is the result not only of the 
visual impulses travelling along the fibres of the optic tract, but 
also of the events taking place in the primary visual bodies, 
whereby the visual impulses are modified so that what parses 
on to the cortex is in some way different from that which reaches 
the primary bodies along the optic tract. Of th&se three bodies 
the lateral corpus geniculatum and pulvinar are in this respect 
more important than the corpus quadrigeminum (indeed, as we 
have seen, it may be doubted whether the latter, in the higher 
animals at least, takes any part in the development of distinctly 
conscious, psychical sensations), and the corpus geniculatum seems 
more important than the pulvinar. In man a lesion limited to 
the pulvinar or to the corpus quadrigeminum may produce no 
obvious disturbance of vision, whereas a lesion of the corpus 
geniculatum always does. And indeed there is evidence that this 
latter body is especially connected with the macula lutea, that is 
to say, the part of the retina most used in attentive sight. Now 
we are probably justified in concluding that the events in the 
cortex are psychical, that the action of the cortex is necessary 
for the elaboration of precise conscious sensations such as can 
alone supply the basis of perceptions; but we are not justified 
in assumiug that the whole elaboration takes place in the cortex 
and in the cortex alone. The close nutritive connection between 
the cortex and the cells of the corpus geniculatum and pulvinar 
suggests that the two work together in a special manner, that 
the cells of the latter cannot work properly unless they are, so to 
speak, in touch with the cortex ; it is because they cannot work 
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properly that they degenerate when cut off from the cortex. 
Hence it seems a fruitless task to attempt to discuss how far 
vision can be carried on in the absence of the cortex ; for even 
immediately after the operation, to say nothing of the effects of 
shock, the primary visual bodies are no longer acting as they were 
in concert with the intact cortex, and at later periods degeneration 
progressively robs them of what was at first left to them. 

We have, it is true, seen in a previous section that the frog and 
the bird certainly, and according to some observers also the rabbit, 
are in the absence of the cerebral hemispheres not totally blind, 
their movements being guided by retinal impressions ; and cases are 
recorded of the dog being obviously still guided in some measure 
by retinal impressions after the occipital lobes had been wholly or 
almost wholly removed. It may be added that though in a bird 
the removal of a cerebral hemisphere seems to produce complete 
blindness in the opposite eye, if the other eye be extirpated it 
becomes obvious that the bird is in some way guided by the eye 
which before seemed to be perfectly blind. In view however of 
the facts just mentioned we seem driven to the conclusion that 
in such cases as the above the influence of light produces its effect 
by some nervous mechanism different from that by which ordinar)' 
psychical vision is carried on. Whether the activity of such an 
inferior mechanism is accompanied by consciousness or not is a 
separate question, and one into which we cannot enter here. We 
will only remark that such an inferior vision, if we may so call 
it. such a simpler influence of light on movements seems to be 
chiefly carried out by the anterior corpus quadrigeminum, In 
dealing specially with vision we shall have to consider the move- 
ments of the eyes, including the movements of the pupil in relation 
to light tailing on the retina, and shall discuss the nervous mechan- 
ism, including the pai't played by the corpus quadrigeminum. In 
the meantime we are at present dealing with conscious visual 
sensations, and have been led to speak of this inferior mechanism 
by way of digression. 

It is worlhy of notice that each of the bundles of fibres 
connecting the pulvinar and coi-pus geniculatum with the cortex 
haw a larger cross-section than that of the optic tract itself, that 
belonging to the corpus geniculatum being the larger of the two. 
And histological examination would lead us to conclude that 
each optic fibre entering the corpus geniculatum and pulvinar 
becomes connected through synapses with, and so is capable of 
acting upon more than one cell sending up an axon to the cortex. 
If this be the case, then, whatever ' projection ' of the retina and 
of the visual field obtains in the cortex cannot be of such a 
kind that each spot or minute area in the retina, impulses from 
which travel along a single fibre of the optic tract, finds its exact 
counterpart in the cortex as it might do did those impulses travel 
onward again to the cortex by a second single fibre. As we have 
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said, there is probably some sort of 'projection'; but this is of 

Bnch II kind that a priniaiy projection takes place in the prinuuy 

visual bodies, the pulvinar &c., and a secondary projection from this 

on to the cortex. And thiif conchision seema supported by clinical 

observation. A limited lesion of the occipital cortex does not, as 

might be expected from the doctrine of projection as ordinarily 

expounded, lead to a. blotting out of & small bit of the iield of 

I vision, but either seem>t to have no effect at all on vision, or to 

I produce only a diffused weakness or amblyopia. Further, the 

peculiar relations of the central region of vision may perhaps be 

explained by the supposition that the optic fibres arising from 

this part not only proceed to the primary visual bodies of both 

sides, but within those bodies on each side make wider and larger 

connections with the cells of those bodies than do the other optic 

I fibres. In other words, distinctness of vision is not the result 

* of narrowed impulses, but a more precise judgment effected by 

means of ampler material to work upon. 

Lastly, the view of the important share taken in the elabora- 
tion of a complete visual sensation bv these primary bodies 
Beems to point to a way of reconciling the discrepancies referred 
to above in the attempts to define accurately the visual area of 
the cortex and to localise its constituent parts. As we have said, 
the experimental evidence gained from the monkey is conflicting 
as to the occipital gyri or the angular gyrus being especially 
connected with vision as a whole. And anatomical evidence pointe 
to both being in some way concerned in the matter. But they 
may be concerned in different ways. For instance clinical study 
aeems to shew that the angular gyrus has especially to do with 
what has been called ' word-vision, and its connection with speech. 
We have seen that there is a kind of aphasia in which the patient 
cannot understand and so cannot repeat by speech a. heanl word 
though he can a printed or written, that is, a seen one. There is 
another kind of aphasia in which the patient cannot understand 
and so cannot repeat by speech a seen, though he can a heard 
word, and this latter kind of aphasia seems to be connected with 
lesions of the angular gyrua This is one of many instances of the 
complexity of psychical vision, a complexity which on genera' 
grounds alone we might assume to exist; and the basis of that 
complexity probably lies in the work of the primary visual bodies. 
At the same time the initiation of complexity m these lower 
bodies probably renders possible a greater or less vicarious action 
of the cortex so br as the broader features of vision are concerned. 

Sensations of Smell. 
% 674. The olfactory nerve, which is undoubtedly the ner^-e 
of smell, stands like the optic nerve apart from the rest of the 
cranial nerves ; and a few words as to its structure and relations 
will be necessary. 
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Lying on the ventral surface of the anterior region of each 
hemisphere, on each side of the anterior fissure, is seen the 
olfactory bulb, which is prolonged directly backwards as the 
olfactory tract, coming apparently to an end where the hind 
margin of the frontal lobe abuts on the anterior perforated space 
in the floor of the front part of the third ventricle. The bundles 
of fibres forming the olfactory nerve proper spring from the bulb, 
which is their immediate cerebral origin, both bulb and tract 
being really parts of the cerebrum. Just as the fore-brain buds 
off on each side the optic vesicle to form the optic nerve, so each 
cerebral vesicle buds off an olfactory vesicle, the &ont part of 
which becomes the rounded bulb and the remainder the rounded 
trigonal tract or peduncle connecting the bulb with the hemi- 
sphere. In man the original cavity of the vesicle is obliterated, 
being filled up with neuroglial gelatinous substance, but in the 
lower animals it remains as a linear space, the ventricle of the 
olfactory tract. 

The bulb is a specialized mass of grey matter, forming a sort 
of cap to the end of the tract, and presents some analogies with 
the cortex of the hemisphere. Along the middle line lies the core 
of neuroglial gelatinous substance ; but the side of the bulb dorsal 
to this core, in contact with the hemisphere, is much less developed 
than the side lying ventral to the core, next to the cribriform 
plate ; and we may confine ourselves to the ventral portioiL Next 
to the neuroglial core lies a layer of longitudinal meduUated fibres, 
with which are mingled some nerve cells. This layer, which forms 
the beginning of tne tract inside the bulb, is thinnest at the 
rounded front extremity of the bulb and gradually thickens 
backward. Next to it lies a " nucleai' ' layer, composed of small 
cells, the so-called 'nuclear' cells, arranged to a large extent in 
longitudinally disposed groups. Fibres from the preceding layer 

f)asa between the groups, which are moreover separated by inter- 
aciiig bundles of fibres. Next to this layer comes a somewhat 
thick one, which perhaps may be compared to the molecular layer 
of the cerebellum or to the pyramidal layers of the cerebrum. 
It is composed of a molecular ground substance, partly neuroglial 
in nature, traversed by numerous fibrils and fibres, many of the 
latter being of the fine mediillated kind ; it also contains, in no 
large number in man, nerve cells, some of which from their more 
or Teas triangular form and extensive dendrites are not unlike the 
pyramidal cells of the cortex. They have been called mitral cells; 
the larger of them are generally found near the nuclear layer. 
Next to this molecular layer, or 'gelatinous layer' as it is some- 
times called, comes, still working outwards towards the surEace, a 
characteristic layer in which are found the ' olfactory glomeruli ' ; 
and outside this is the layer of olfactory fibres. These fibres, 
which are in reality bundles of fine fibrils, are arranged ia a close- 
set plexus, and from the plexus bundles pass at intervals through 
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the pia mater which investB the bulb and furnishes it with an 
ample supply of blood ; having so passed the fibres acquire 
sheaths, and form the olfactory nerve proper. 

Each fibiil of a bundle of the olfactory nerve is, as we shall 
see when we come to deal with the sense of smell, a prolongation 
of a special cell in the olfactorj' or Schneiderian membrane of the 
nose. These special cells arc in reality peripheral nerve cells, and 
we may regard the fibril as an axon. Tracing the bundles from 
the olfactoiy membrane through the pia mat-er and layer of 
olfactory fibres we find that a bundle, or more than one, plunges 
into a glomerulus, within which each fibril branches into a complex 
nest-like arborisation, each of the terminal twigs of which ends in 
a minute knob. The mitral cells, as we have said, resemble the 
pyramidal cells in possessing extensive dendrites. Two or more of 
the dendrites of each cell spread laterally in the molecular layer, 
but one, which may be compared perhaps to the apical dendrite of 
a pyramidal cell, is directed to and enters a glomerulus, in which 
it terminates in a brush-like arborisation twining in and among 
the arborisations of the olfactory fibrils. Each glomerulus is in 
fact a complicated synapsis between the olfactory fibrils and the 
' brush ' dendrite of a mitral cell. The further exact relations of 
the olfactory cells to the mitral cells differ in different animals. 
In animals with an acute sense of smell, macrosmatic animals, the 
number of mitral cells in proportion to olfactory cells (and there- 
fore fibrils) is very high : neighbouring olfactory cells may form 
synapses with separate mitral cells, and several mitral cells may 
send their brush dendrites to one common glomerulus. In other 
animals on the other hand one mitral cell may supply several 
glomeruli. The axon of the mitral cell passes through the nuclear 
Kiyer to the superficial layer of longitudinal fibres, giving off several 
fine collaterals on its course, and there becomes one of the fibres of 
the olfactory tract. Thus the olfactory impulses generated iu the 
olfactory membrane of the nose undergo a relay in the olfewitory 
glomeruli by means of a synapsis which is remarkably con- 
spicuous, and pass, presumably in a modified form, along the 
tibres of the olfactory tract. It may be added that besudes the 
axons of the mitral cells which may be assumed to carry impulses 
from the olfactory bulb to the brain, the tract contains fibres which 
are the axons of cells placed in some part or other of the brain, 
which end by bi-anching in the molecular layer of the bulb, and 
which, like the somewhat corresponding efferent fibres of the optic 
nerve, may be assumed to carry impulses from certain parts of the 
brain to the olfactory bulb. 

The central connections of the olfactory tract are too complex 
to be dealt with here in detail. The sense of smell plays a far 
leea conspicuous part in the life of man than it does in the lives 
of most of the lower animals ; indeed so fiir as the sense of smell 
is concerned, man may be regarded as a degenerate animal, and 
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the whole nervous apparatus for smell seems to be in him in a 
retrograde conditioa In most of the lower animals the partd 
of the brain in comiection with the olfactory bulb are much more 
developed than in him, though the amount of development differs 
in different animals, being small in those, such as the cetacea, which 
appear to have little or no smell ; and most of our knowledge of 
the subject is based on the study of animals in whom the sense 
of smell seems keen. Putting the matter very briefly we may 
Bay that the olfactory tract, lying in a groove of the cerebral 
hemisphere into which it sends fibres from its upper keel-like 
surface, at the end of the groove divides into a number of parts 
which are sometimes spoken of as its "roots " and which have very 
different destinations. One a median one, large and conspicuous 
in some animals, passes into the anterior commissure (§ 635) and 
80 reaches the other side ; it also sends fibres into the front end 
of the gyrus fomicatus and into the gyrus subcallosus, which latter 
is in man small and atrophied. Part of the tract ends in the grey 
matter of the anterior porfiirated space; but the most important 
part is the lateral root, which sweeping laterally across the anterior 
perforated space and the mouth of the fissure of Sylvius, jtasses to 
the front end of the hippucampal gyrus, often called the uncinate 
gj-rus. 

The fibres of the tract as this starts from the bulb are to a 
large extent axons of the mitral cells of the bulb, though with 
these, as we have said, are fibres ending, not beginning in the 
bulb, coming from elsewhere and apparently carrying impulses 
to the bulb. Along the tract are small masses of grey matter, 
collections of nerve cells, in which axons coming from the bulb 
end by s3Tiapses, and from which fresh axons start ; these cells 
in fact serve as relays ; while some of the axons of the mitral cells 
thus end in relays, it is maintained that others pass right along 
without relays. Hence the tract as it proceeds consists partly of 
long fibres coming from the bulb, axons of mitral cells, and paJlly 
of short fibres beginning in the tract itself Of the several desti- 
nations of the fibres of the tract it must suffice to say here that 
those passing to the hippocampal gjTus (and these come from the 
mitral cells either directly or through a relay), end, chiefly at all 
events, by forming synapses with the cells of the cortex of that 
gyrus. 

§ 675. The above anatomical facts suggest that the hippo- 
campal gyrus, and perhaps more especially the uncinate end of it, 
is largely concerned in the development of olfactory sensatiooe; 
and such evidence as we possess supports that conclusion. 

In the first place, the gyrus is lai-gely developed in animBis 
whose sense of smell is keen. In the second place, removal of or 
operative interference with the gyrus has frequently, though not 
invariably, led to loss or impairment of smell. In the third place, 
clinical study seems to shew that iu man a lesion involving the 
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cortex of this gjTus, but leaving the olfactory bulb and ti-act 
intact, may destroy or greatly impair smell. Strongly pointing in 
the same direction is the experience that in the cases of cortical 
epilepsy in which the premonitory aura takes on the form of a 
peculiar smell, this gyrus has been found to be diseased. 

On the whole, then, we may probably conclude that the cortex 
of the uncinate gyms is in some way connected with the develop- 
ment of olfactory sensations. But the fact that this gyrus is only 
one of the several terminations of the olfactory tract warns ua 
that the matter with which we are dealing ia a complex one. 
Some of the fibres of the median root, passing by the anterior 
commissure are destined for the uncinate gyrus of the other side, 
and so may simply provide for crossed action, but others, as we 
have said, go to other parts, for instance to the gyrus fomicatus. 
It is possible that, after the analogy of the optic tract and its 
three endings in the lower visual centres, the olfactory tract may 
develope olfactory sensations in more ways than one. 

It 18 tempting to compare the olfactory with the visual nervous 
mechanism. We may safely compare the olfactory membrane with 
the layer of rods and cones of the retina, and the olfactory bulb 
A-ith the deeper parts of the retina, the mitral cells corresponding 
to what we shall later on speak of as the ganglionic cells of the 
retina. But when we attempt to compare nie olfactory tract 
with the optic nerve and ti-act we meet with a difficulty. In the 
former are the collections of grey matter whose cells serve as 
relays for some at least of the fibres of the tract. There are no 
such relays along the optic tract ; the optic fibre when it has left 
the retina meets with no cell until it ha.s reached the one op 
other of the lower visual bodies. Are we to consider then these 
comparatively insignificant groups of cells as the analogues of the 
corpus genicutatum, quadrigeminum and pulviuar ? or is the grey 
matter of the uncinate gyrus, although it is cortical in nature, the 
analogue of the lower visual body ? If we adopt the latter view 
we must look elsewhere for the mechanism developing the full 
psychical olfactory sensations. Now we do find the grey matter 
of the uncinate gjTus in special connection by means of what 
elsewhere in the cortex would be called ' association ' fibres with 
that infolded part of the hippocampal gyrus which is called the 
comu Ammonis ; and these fibres may serve in smell a function 
corresponding to that of the optic radiations in sight. But the 
whole of this matter requires further investigation. 

Lastly, we may add that indirectly eitner by the uncinate 
CTrus and the cornu Ammonis, or by the other terminations of 
the fibres of the olfactory tract, the olfactory mechanism is brought 
into connection with other parts of the brain, with portions of the 
tegmental region for instance, and thence with motor mechanisms. 
It is probably through these secondary connections that the in- 
■• voluntary and other movements associated with smell are carried out 
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Sensations of Taate. 

§ 676. This special sense though ao closely a^ociated wilh 
amell stands, together with the special sense of healing, on a 
different footing from the two preceding special senses, since 
the nerves conceraed belong to the category of ordinary cranial 
nerves. 

We shall see in dealing with the senses that the 6fth nerve 
and the glossopharyngeal nerve have been considered aa nerves 
of taste, but that the matter is one subject to controversy; the 
gustatory function of the fifth is, for instance, attributed to the 
peculiar chorda tympani nerve, and other questions have been 
raised. Whatever view we take, however, the nerves of taste are 
ordinary cranial ner\'es, and we have no anatomical guidance as 
to the fibres of either of the above two nerves mating special 
connections with any part of the cortex. Though sensations of 
taste enter largely into the life of animals, and indeed of man 
himself, we have no satisfactory indications which will enable us 
to connect this special sense with any part of the cortex ; the view 
indeed has been put forward that some part of the cortex in the 
lower portion of the temporal lobe, not far from the centre for 
smell, serves as a centre for taste ; but the arguments in favour of 
this view are not, as yet at least, convincing. 

Sensatimis of Hearing. 

§ 677. The cochlear division of the eighth or auditory nerve 
may be assumed to be a nerve of the special sense of hearing, and 
of that alone; the vestibular division serves, as we have seen, 
for other functions than those of hearing, g 642; indeed it is 
maintained by many that it does not serve at all for hearing. 
Without prejudging this question, on which we shall have some- 
thing to say when we are dealing with the senses, we may here 
confine our attention to the impulses passing along the cochlear 
nerve and consider only the development of auditory sensations 
out of these. 

We may first turn to the anatomical evidence ; this we have 
attempted to illustrate by & diagrammatic figure. Fig. 142. 
In § B18 we traced the fibres of the cochlear nerve to the cochlear 
nucleus consisting of the tuberculum acusticum and accessory 
nucleus; the fibres end by forming synapses with the cells 
of these bodies. The axons of the cells thus played upon by 
the auditory impulses forai two afferent strands. One gathered 
chiefly from the tuberculum acusticum but also from tbeaccessoiy 
nucleus, passes dorsal to the restiform body and appearing on 
the floor of the fourth ventricle is there known by the name 
striiB atnistioB. The other gathered from the accessory nucleus 
alone passing ventral to the restiform body runs transversely in 
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the depths of the pons as the corpus trapezoides. Both these 
strands pass into or make connections with the lateral fillet 
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L{c£ §634 and Figs. 116, 117, 118), but their course and connections 
I are complicated. 

In the tegmental region of the bulb and pons ia a mass of 
Kgrey matter culled the superior olive (cf. Figs, IH, 115, 116), 




1184 



SENSATIONS OF HEAKING. 



[Book ul 

which has by some authors been divided into pai-ta, and near 
this in connection with the trapezoid fibres lies another small 
mass of grey matter called the nucleus of the corpus trapezoides. 
(In Fig. 142, these for the sake of clearness are shewn as one 
body,) The trapezoid fibres running transversely in the depths 
of the pons, in part end in the superior olive and the trapezoid 
nucleus, forming synapses with the cells of those bodies. The 
greater number passing the median raphe join the bodies of the 
other side, and are therefore ' crossed ' fibres. But some, a smaller 
number, end in the bodies of the same side. 

From the superior olive and trapezoid nucleus fibres, the 
axons of cells in those bodies, pass longitudinally upwards in the 
lateral fillet. Hence this fillet contains fibres, which we may 
speak of as auditory fibres, impulses along which, after leaving 
the cochlea have undergone through sjTiapsos relays first in 
the accessory nucleus, and secondly in the trapezoid nucleus 
or superior olive. And each lateral fillet contains fibi-es of this 
kind coming chiefly from the cochlear nerve of the other side but 
also in part from that of the same side. 

All the trapezoid fibres however do not thus end in the 
trapezoid nucleus or superior olive ; some reaching the neighbour- 
hood of those bodies, turn from a transverse to a longitudinal 
direction and so run up into the lateral fillet, the greater number 
passing to the fillet of the opposite side, but some to the fillet 
of the same side. Thus each lateral fillet contains on the one 
hand fibres which have undergone a relay both in the accessory 
nucleus and the trapezoid nucleus or superior olive, and on the 
other hand fibres which have undergone a relay in the former 
body only ; and while most of both kinds are ' crossed ' some 
are not. 

So far for the trapezoid fibres supplied by the accessory 
nucleus only. The fibres of the strias acusticae which come 
chiefly but not exclusively fi-om the tuberculum acusticum, ailer 
running for some distance superficially on the surface of the 
anterior part of the fourth ventricle plunge ventrally into the 
tegmentum, making for the superior olive. But, so far as our 
present knowledge goes, they do not join and do not form synapses 
with the cells of that bodj' ; but suddenly changing their course 
in its neighbourhood and bending upwards as longitudinal fibres 
pass into the lateral fillet. As is the case with the trapezoid 
fibres, moat of the fibres of the strife acusticje crossing the raphe 
pass to the other side, and are therefore crossed fibres; out 
some are uncrossed, and join the lateral fillet of the same side. 

Hence the impulses which leave the cochlea find a pathway 
along the lateral Hllet, but the pathway is a complex one. Ai 
we have seen, § 618, each cochlear fibre as it passes into the 
brain bifurcates into an ascending and descending branch, the 
former passing to the accessory nucleus, and the latter, as a rule. 
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to the tuberculum acuaticum, which lies rather behind the 
accessory nucleus in relation to the cochlear root. The meaning 
of this bifurcation, which ia a feature of all or nearly all afferent 
roots, is not at present clear; but we may perhaps be justified 
in assuming that the impulses passing along one branch are in 
some way of a different character from those passing along the 
other ; though they both travel along the same path, namely, the 
fillet, their behaviour ia probably in part different. A large 
number but not all of the impulses which passing along the 
ascending branches are carried to the accessory nucleus, and 
thence ventrally along the trapezoid fibres, undergo a second 
relay and we may assume suffer a second change in the trapezoid 
nucleus or superior olive; while none of the impulses passing 
along the descending branches to the tuberculum acusticum, and 
thence dorsally along the strife acusticte, undeigo a second relay 
but travel along the lateral fillet after having suiiered such changes 
only as befall them in the cells of the tuberculum. 

If we assume, as we seem to have reason for doing, that the 
cells of the accessory nucleus and tuberculum correspond to 
the lower layers of the complex retina (the stnictures in the 
cochlea itself and in the gauglion spii'ale corresponding to the 
upper layew of the retina), the striie acustica; and trapezoid 
fibres may be considered as corresponding to the optic nerves 
and tract ; and it is worthy of notice that in both optic and 
auditory paths the decussation of fibres is large. 

One point in connection with the strife acusticte remains to 
be mentioned. Some of the fibres having crossed the raphe do 
not make for the superior olive but sinking rapidly to tbe ventral 
surface of the pons sweep round the ventral surface of the 
pyramidal fibres and make their way to the inferior cerebellar 
peduncle and so to the cerebellum. If the impulses along these 
fibres, and we are assuming that all the impulses along the 
cochlear nerve are auditory, affect consciousness oy being brought 
to bear on the cerebral nemispheres, they must produce their 
effects whatever they may be in a very roundabout manner. 

To return to the lateral fillet. A.s this runs forward in the 
tegmental region of the front part of the pons, it passes by the 
aide of a small collection of grey matter known as the " lateral 
I fillet nucleus." Collaterals from the fibres of the fillet pass into 
' this nucleus and form synapses with its cells ; and &om its cells 
proceed axons which, joining the fillet, pass upward as constituent 
fibres of it. We have no right to assume that all the fibres of 
the lateral fillet are continuations direct or indirect (by synapsis) 
of the trapezoid fibres and strise acusticte and therefore engaged 
in carrying auditory impulses. And our present knowledge ia 
insufficient to decide whether the particular fibres which thus 
make connections with the lateral fillet nucleus are auditory 
i fibres or fibres of another kind, and therefore whether that nucleus 
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is to be considered as a part of the auditory nervous mechaoism or 
no. But on the whole the presumption is in favour of such a view. 

The lateral fillet thus reinforced by fibres from its nucleua 
is continued forward, and may be said to end in the corpora 
qnadrigemina, both posterior and anterior, but chiefly the fonner. 
some of the fibres in each caae ending on the same side but others 
crossing. It may be added that the fibres which cross here are 
the fibres which have already crossed in the pons before they 
joined the fillet ; the fibres from the cochlear nucleus which pass 
up in the lateral fillet of the same side appear to join the corpora 
quadrigemina of the same side only. 

"'"''" . - . - -neral 



But though the corpora quadrigemina may thuf 



way be considered as the ending of the lateral fillet, there is 
tnistworthy evidence that some of the fibres pass still further 
forward and taking at first the direction of the optic radiations, 
with which they may be considered analogous, reach and end in 
the cortex of the temporo-sphenoidal lobe, and more especially to 
that of the first or superior temporal convolution. 

The results, on which the above description is baaed, have 
been obtained partly by direct observation with the silver or 
methylene blue method, partly by the method of degeueration 
aud atrophy, and though there are still some diflferencea of 
opinion, have been very generally accepted. Put in a broad way, 
the conclusions which may be deduced from them concerning 
the development of auditory sensations are somewhat as follows. 
Taking the nervous impulses which leave the cochlear nucleus 
(the tuberculum acusticum and accessory nucleus) as being of 
the same order of events as the visual impulses passing along 
the optic nerves and tracts, these acquire their full development 
as conscious psychical auditory sensations when they reach and 
produce changes in the cortex of the temporal convolutions, 
especially of the superior. And for the most part such impulses 
are thus developed in the hemisphere of the opposite side. On 
their way they undergo an initial development in lower auditory 
centres, the superior olive, trapezoid body, and possibly the lateral 
fillet nucleus, corresponding to the corpus geniculatum and pul- 
vinar in the case of visual sensations ; but while the direct cerebral 
tract in the case of visual sensations, conveying impulses from the 
optic tract to the cerebral cortex without the intervention of the 
' lower visual mechanisms ' seems disproved, there appears to be 
more reason to believe in such a direct cerebral tract in the case 
of auditory sensations. 

On their way the auditory impulses, not as yet distinct 
psychical sensations, however much they may have been de- 
veloped and changed since they left the cochlear nucleus, are 
brought into connection with the nervous mechanisms of the 
lower brain, especially with those concerned in carrying oat 
movements. The auditory work of the superior olive and the 
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lateral fillet nucleus is probably not limited to the mere shaping 
of auditory impulses ; it probably includes the bringing those 
impulses into touch with the manifold nervous mechanisms of the 
lower tegmental region ; and indeed there exist definite con- 
nections of the auditory fibres with the pons and bulb, connections 
serving not for the elaboration of auditory impulses but for bringing 
those impulses to bear on motor mechanisms, connections whiim 
for simplicity's sake we have omitted to describe. 

Perhaps the more important of these lower connections of the 
auditory fibres are those with the corpora quadrigeniina, by means 
of which in the absence of distinctly psychicaf events auditory 
impulses can bring forth bodily reactions, such as movements and 
the like, of a complicated kind. The strise acusticie moreover, as 
we have seen, are connected with the cerebellum. 

It is interesting to note that as the optic tract contains efi'erent 
fibres carrying, presumably, centrifugal impulses from the anterior 
corpus quadngeminum, and the olfactory tract similar efferent 
fibres, so also the auditory nervous mechanism possesses efferent 
fibres. These pass from the posterior corpus quadrigeminum or 
&om the lateral fillet nucleus by the lateral fillet, and thence either 
by the striEe acusticie or the trapezoid fibres to the tuberculum 
acusticum and accessory nucleus of the opposite side. The 
purpose of these efferent fibres in the various sensory mechanisms 
has not been as yet clearly made out, but possibly they may be 
used to exert either an augmenting or an innibitory influence on 
the recipient elements of the sense organ. 

We have now to enquire how far experiment and clinical 
study corroborate the conclusions which may thus be drawn from 
anatomical relations. What is the effect, for instance, of re- 
moving in an animal, the temporal convolutions on one side 
or on both sides ? We may here in the first place remark 
that in view, on the one hand, of the auditory tract being in 
part only a crossed one, and on the other hand, of the great 
difficulty in distinguishing the effects of hearing with one ear 
only from those of hearing with both ears, relatively little im- 
portance can be attached to the experiments in which one 
nemispbere only is operated on. In the second place the effects 
of sound on the animal body are so manifold, the responses 
which the nervous system makes to auditory impulses are so 
varied and often so delicate, that it becomes a matter of extreme 
diSBcuIty to decide whether an animal operated on does or does 
not retain distinctly psychical auditory sensations. It does not 
follow, for instance, because an animal starts at a sound that 
it really "hears." In spite of these difficulties however there 
seems to be increasing evidence that removal of the temporal 
convolutions, especially of the superior temporal convolution, 
docs do away with distinctly psychical auditory sensations. 

We saw in dealing with visual sensations {§ 67) that the 
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visual area in the cortex was directly connected by efferent fibres 
with the mechanisms for the movements of the eyes and thus 
explained why stimulation of that area produced those move- 
ments. There appears to be a similar connection by similar 
direct efferent fibres between the superior temporal convolution 
and the nervous raechaniams for the movements of the ears, head 
and neck associated with hearing. When in the monkey this 
cortical region is stimulated the animal pricks its e-ars aa if it 
heard something. This is evidence of au indirect kind in favour 
of the special auditory function of the convolution. 

Of more value perhaps than the results of experiraente on 
animals, in spite of the frequently diffused character of the lesions 
of disease and the occurrence of complications, are the results 
of clinical study; and these point more and more distinctly to 
the cortex of the superior temporal convolution as being con- 
cerned in the development of auditory sensations. In certain 
cases of cortical epilepsy the warning takes on the form of an 
auditory sensation, a sound or noise ; and in such cases this region 
of cortex has been found to be diseased. Disease of the same 
region has always been found to be accompanied by some form 
of deafness. In certain cases the deafness has been ordinary 
deafness without any adequate cause being discovered in the ear 
and in regions of the brain lower than the hemisphere. In other 
cases, crude sensations have remained, but the psychical intel- 
lectual elaboration of these has failed. Such in particular are 
the cases of " word deafness " to which we referred in speaking 
of asphasia ; in this affection sounds are heard but the spoken 
word is not appreciated. For instance the patient, when a spoken 
question is put to him, though he is all attention, cannot under- 
stand it, and asks that it may be written down ; seeing the written 
question he understands and answers. And doubtless the work of 
this part of the cori-ex like that of the visual cortex is very com- 
plex, though to a less degree. Granted that even the crude 
conscious sensation needs cortical elements for its development, 
we should expect to find that other and neighbouring elements 
were concerned in elaborating this crude sensation into a higher 
perception and eventually into an idea. But we must not here 
attempt to deal with this part of the subject. 




ON THE DEVELOPMENT OF CUTANEOUS AND 
SOME OTHER SENSATIONS. 



I 
I 



§ 678. The scDsatioiis with which we have just dealt ari8e 
through impulses passing aloug special nerves or parts of special 
nerves, the optic nerve, the olfactory nerve &c. ; we have now to 
deal with sensations arising through impulses along the nerves 
of the body generally. Thewe are of several kinds. In the first 
place there are sensations which we may apeak of as " cutaneous 
sensations," the impulses giving rise to which ore started in the 
skin covering the body, or in the so-called mucous membrane 
lining certain passages. These sensations, which as we shall see in 
dealing with the senses are dependent on the existence of special 
terminal organs in or near the skin, are sensations of " touch," 
in the narrower meaning of that word, by which we appreciate 
contact with and presatire on the skin, and the sensations of 
"temperature," which again we may, as we shall see, divide into 
sensations of "heat" and sensations of "cold." These sensations 
may be excited in varying degree by impul.ses passing along any 
nerve branches of which are supplied to the skin. Then there are 
the sensations constituting the "muscular sense," to which we have 
already referred, and these again may be excited in any nerve 
having connections with a skeletal muscle. 

As we shall see in dealing with the senses, when a sensory 
nerve is laid bare and its fibres are stimulated directly, either by 
pressure, such as pinching, or by heat, or by cold, or in other ways, 
the senstttious which are caused do not enable us to appreciate 
whether the stimulation is one of contact or pressure, or of 
temperature, or of some other kind ; we only experience a 
"feeling," which at all events when it reaches a certain intensity 
we speak of as " pain." And we have reason to think that at 
least from time to time impulses along various nerves give rise 
to sensations which have been spoken of as those of "general 
sensibility," by which in addition to other sensations, such as 
those of touch and of the muscular sense, we become aware of 
changes in the condition and circumstances of our body. When 
Uie stimulation of the skin exceeds a certain limit of intensity. 
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the sense of touch or temperature is lost in, that is to say, is 
not appreciated as separate from the sense of pain ; and under 
abnormal circumstances acute sensations of pain are started by 
changes in parts, for example tendons, the condition of which 
under normal circumstances we are not conscious of appreciating 
through any distinct sensations, though it may be that these parts 
do normally ^ve rise to feeble impulses contributing to 'general 
sensibility.' It may therefore be debated whether 'pain' is a 
phase of all sensations, or of general sensibility alone, or a 
sensation sui generis. We shall have something further to say 
on this matter when we treat of the senses ; meanwhile it will be 
convenient for present purposes if we consider that the sensations 
we have to deal with just now are the sensations of touch and 
of temperature, those of the muscular sense, and those of general 
sensibility, including those of pain, 

§ 679. It will be advisable to treat of these several sensations 
in the first instance together; we may subsequently attempt to 
ascertain how far they differ from each other in their mode of 
development. 

Let us first turn to the indications afforded by anatomical 
arrangements ; and we may in this confine ourselves chiefly to the 
spinal nerves, since these are by far the more numerous. Calling 
to mind what was said in former chapters concerning the structure 
of the spinal cord and bulb, we are struck by the fact that the 
paths of sensory impulses indicated by the connections of the 
dorsal roots of the spmal nei-ves while in part they lead up towards 
the cerebral hemispheres, also and indeed conspicuously lead to 
the cerebellum. Now all the evidence obtainable justifies us in 
concluding that the integrity of the cerebral hemispheres and 
of their connections with other parts of the central nervous system 
is essential to development of complete and perfect sensations ; in 
order that a cutaneous sensory impulse may give rise to a fully 
developed cutaneous sensation it must have access to and bring 
into activity the cerebral cortex. There is no analogous evidence 
in respect to the cerebellum ; on the contrary, all the available 
evidence shews that the cerebellum cannot by itself develope 
sensations. Its intervention in the general mechanism of sensa- 
tions is an indirect one only. The sensory impulses which i-each 
and affect the cerebellum do not give then and there rise to 
sensations ; they can produce these only by means of some 
subsequent activity of the cerebral hemispheres, with which as 
we know the cerebellum is connected. We may conclude that 
the sensory impulses which pass to the cerebellum take that route 
for some special purpose ; and the persistence of cutaneous and 
other sensations, after removal of cerebellum or extensive disease 
of it, shew that its activity, whatever that special purpose may be, 
is not essential to the mere development of sensations out of 
sensory impulses. We may consider the cerebellar path of sensory 
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^■impulses, apart by itself, as something added to the direct path of 
^P those impulses to the cerebral cortex. 

™ Confining ourselves in the first instance to the latter path 
we find that this is at least twofold. 

In the first place, a path, conspicuous for the distinctness with 
which it can be made out, and yet the channel of relatively few 
impulses, and those probably of a special kind, is fiinuBhed by those 
fibres of the dorsal roots which running up the posterior columns 
reach and form synapses with the cells of the gracile and cuueate 
nuclei (which we may call together the dorsal nuclei) of the bulb, 
the latter receiving fibres, cniefiy at all events, from the upper 
spinal nerves, the former from the lower. The roots of the nerves 
supplying the lower limb contribute very largely to the tract of 
fibres ending in the gracile nucleus, and the con-esponding roots 
of the nerves of the upper limb very largely to that ending in 
the cuneate nucleus ; but other roots apparently contribute, though 
to a much less extent, to the path leading to the nuclei, tne 
thoracic roots, and those lower than these passing through the 
median posterior column to the gracile nucleus, and the cervical 
roots through the lateral posterior column to the cuneate nucleus. 
From the cells of both these nuclei fibres, as we have seen, 
crossing in the so-called sensory decussation, pass by the inter- 
olivary layer to the fillet of the opposite side, and so travel 
upwards. We may assume that the sensory impulses which travel 
up the posterior columns, undergoing during their passage in 
those columns no other change than that which an impulse can 
undergo while it is travelling along an axon, reach tne dorsal 
nuclei of the bulb, and there start new impulses which travel 
upwards chiefly by the fillet of the opposite side. We say 'chiefly' 
because some fibres of the nuclei pass apparently into the fillet 
of the same side, and again, either by the main axons of fibres 
leaving the nuclei or by collaterals, impulses may be led not int<.i 
the definite tract which we call the fillet, but into what at present 
we may call the general reticular formation of the bulb. Tracing 
^m the fillet forwards we find that the fibres from the nuclei, keeping 
^B jKt the side to which they have crossed, occupy the median division 
" of the fillet, or the median fillet as it is called, and end chiefly at 
least in the optic thalamus. There is evidence however that 
some, though not a large proportion of the fibres of the median 
fillet, are continued on directly to the parietal cerebral cortex, 
passing through or behind the lenticular nucleus. Assuming that 
these particular fibres are the axons of cells in the dorsal nuclei 
of the bulb, they afford a narrow, we may say a very narrow, but 
very direct path for sensory impulses to the cortex, with a relay 
only in the dorsal nuclei of the bulb. A broader path is furnished 
by the fibres which end in the thalamus. From the thalamus, 
as we have seen (§ 633), fibres pass to the cortex, and se; 
impulses taking this path reach the cortex, after having undei 
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two relays, first in the dorsal nuclei of the bulb, and secondly in 
the thalamus. By each of these paths the cortex reached is that 
of the hemisphere of the side of the body opposite to that on 
which the dorsal roots entered the cord ; but, as we have said, 
some few of the fibres &om the dorsal nuclei of the bulb may 
pass into, and hence some few of the impulses pass along the fillet 
of the same side and so reach the hemisphere of the same side 
unless they cross later on in their way. This path of the fillet ia 
the main way to the cortex for sensory impulses travelling along 
the posterior columns to the dorsal nuclei of the bulb, though 
we ought not to ignore the impulses which may pass, probacy 
through a seriea of relays, through the reticular formation of the 
tegmental region. 

In the second place, another path or other paths, though less 
distinct and conspicuous, must be taken by the greater number 
of the sensory impulses which enter the cord by the dorsal roots, 
As we have seen, the fibres of the dorsal root end to a large 
extent by forming sjTiapses, either through the main axon (or 
rather the two main divisions of the axon), or through collaterals 
with cells of the grey matter not far from the entrance of tlie 
root, and chiefly, though not exclusively, on the same side. We 
might imagine that axons from these cells would form an easily 
recognized tract of fibres proceeding directly upwards to higher 
pai-ts of the brain, on their way to make connections with the 
cortex. But at present only a relatively few such fibres can be 
traced. These contribute to form the an tero -lateral ascending 
tract, but only a small part of that tract, and moreover the tract, 
not of the same, but of the opposite side ; crossing over in the 
ventral commissures to the other side, they may be traced 
through the bulb to the median fillet of that side, and so to the 
optic thalamus or other tegmental structures. Such fibres supply 
a path for relatively few impulses; so far as our present knowledge 
goes the sensory impulses which impinge on the cells of the grey 
matter travel for the most part upwards towards the cerebral 
hemispheres by the fibres, which do not, after section of or injury 
to the cord, appear as long tracts of degeneration but running a 
short course only in the white matter return to the grey matter to 
form fresh synapses. These impulses therefore can reach the 
cerebral hemispheres only after a series of relays ; but the several 
connections by means of which they are carried to the tegmental 
region, and so on to the cortex, ia not at present known. Some of 
these fibres keep to the same side of the cord as that of the cell 
from which they start, but many cross over to the opposite aide. 
It must be also remembered that a path still more broken by 
relays is open for sensory impulses within the grey matter it«elf. 
As we have seen, the spinal cord contains cells of Qolgi, each of 
which by its branching dendrites and branching axon brings cells 
into touch with cells. By means of these cells sensory impulses 
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may be supposed to travel along the grey matter itaelf, and so 
eventually to reach the tegmental or other regions, from which 
they can pass to the cerebral hemispheres. 

It is strange, but yet true, that while the main direct path 
to the cerebral hemispheres tor sensory impulses is thus obscure, 
the paths to the cerebellum are obvious and distinct. 

In the first place, in the region of the cord in which the 
vesicular cylinder is prominent, a considerable number of the 
fibres of the dorsal roots end by making synapses with the cello 
of the cylinder ; in other regions of the cord they similarly 

{'oin corresponding cells. From these cells axons proceed, as we 
lave seen, to constitute the direct cerebellar tract which passes 
by the restiform body of the same side to the cerebellum. In 
the second place, the greater part at all events of the antero- 
lateral ascending tract ultimately reaches, as we have seen, the 
cerebellum by the somewhat roundabout pathway of the superior 
peduncle ; this also keeps to the same side. Thirdly and lastly, 
as we have seen, fibres from the dorsal niiclei of the bulb reach 
the cerebellum by the inferior peduncle, chiefly passing to the 
same side but some crossing ovei' to the opposite aide. Thus the 
sensory impulses which readi the cord by the dorsal spinal roots, 
whether they travel along the posterior columns to the cells of the 
dorsal nuclei of the bulb, or to the cells of the vesicular cylinder, 
or to those cells in the gi-ey matter of the cord which give rise 
to the hhres of the ascending lateral tract, all reach or nave an 
opportunity of reaching the cerebellum, and, we have reason to 
believe, the superficial grey matter of that body, the majority of 
the impulses at all events reaching the cerebellum of the same 
side. Each half of the cerebellum is connected with the opposite 
cerebral hemisphere, on the one hand through the middle peduncle 
and the pons, and on the other hand through the superior peduncle. 
We shall discuss the meaning of these connections later on ; 
meanwhile we may note that by these two ways the events in 
the cerebellum, whatever be their nature, which result from the 
infiuence of sensory impulses, are brought into relation with the 
cerebral cortex ; and while the sensory impulses which influence 
one half of the cerebellum are those brought chiefly by the dorsal 
roots of the same side, the relations of each half of the cerebellum 
are with the cerebral hemisphere of the opposite side. 

§ 680. Thus the several possible paths towards the cerebral 
cortex for sensory impulses which started in the skin and other 
tissues enter the cord are as follows: 

1. A special and very limited path by the posterior 
columns in which no relay is met with until the bulbar nuclei 
are reached. That relay however ia an extensive and a re- 
markable one. When the degenerating tract in the median 
posterior columns doe to the severance of a single root, for 
imstanco the 6th lumbar root in the monkey, is traced up into 




1 




1194 ON CUTANEOUS SENSATIONS. [Book hi. 

the gracile nucleus, it is observed to spread out very widely 
within the nucleus. That is to say, within the nucleus there 
appears to take place a very great dispersal and commingling of 
possible paths for the passage of impulses. And a like dispersal 
probably takes place m both the nuclei in respect to all the 
fibres from the dorsal roots which reach them. We may conclude 
that business of no little importance is carried on in these nuclei 
of the bulb. From this relay some few of the impulses, modified 
we may assume by the cells of the bulbar nuclei, may travel 
onward direct to the cortex by that small portion of the fillet 
which appears to pass to the cortex, through the lenticular 
nucleus, without any break occasioned by synapsis. But the 
majority of the impulses travelling along the fillet impinge on the 
cells of the thalamus or adjoining tegmental structures, and only 
reach the cortex after a relay, and probably a modification of 
their nature in these tegmental bodies. Most of these impulses 
thus travelling along the fillet cross from the bulbar nuclei to the 
opposite fillet, and so reach the opposite cerebral hemisphere. It 
may be added that possibly some impulses leaving the bulbar 
nuclei pass not into the liliet hut into the reticular formation 
of the bulb, and by it, or by paths not as yet known but probably 
marked by relays, work their way along the tegmentum and from 
it reach the cortex. 

2. A path which is probably a more general path, the first 
relay of which takes place in the cells of the grey matter of the 
cord not far from the entrance of the root along which the 
impulses have reached the cord. Some few of the impulses 
taking this course travelling along fibres which, crossing in the 
ventral comraiesures, join the an tero- lateral ascending tract of the 
other side, appear to pass up to the thalamus or other tegmental 
structures until they meet with a relay, whence they are carried 
to the cortex. But for the majority of the impulses passing from 
the said cells of the grey matter towards the cerebral hemispheres 
no such long tract of fibres is provided. No particular path is 
marked out for them by our present knowledge. They may travel 
by the short fibres spoken of above, meeting with frequent relays, 
and finally reach the tegmental region of the bulb, and so that 
of the pons and eras; many of these apparently cross to the 
opposite side. Or their path may be absolutely confined within 
the grey matter, in which case their journey would seem to be a 
long series of repeated relays. In both cases the impulses reach 
the tegmentum, and pass thence to the cortex. 

3. The superadded cerebellar path. This is provided by 
fibres from the bulbar nuclei to the restifonn body for the 
impulses which take the more special path by the posterior 
columns, and by the fibres of the direct cerebellar tract and a 
large part of the an tero- lateral ascending tract for the impulses 
which are, so to speak, let loose upon the cord soon after their 
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entrance into it. In both cases the impulses are at all events 
chiefly gathered np from the same side of the cord. The events 
in the cerebellum to which these impulses give rise are by the 
middle or by the superior cerebellar peduncle brought into 
relation with the opposite cerebral hemisphere. 

All the sensory impulses, with the exception of the few which 
may travel by the cerebral continuation of the fillet, find their 
way ultimately to the tegmental region (including in that term 
the thalamus), whatever be their earlier path, and it is from 
relays in the tegmental region that they are able to aEfect the 
cerebral cortex. 

It may be interesting to compare with these paths of sensorr 
impulses coming up by spinal roots what is known of the path 
open for sensory impulses, reaching the central nervous system along 
the cranial nerves. We may take as an instance the trigeminal. 
We have traced the sensory fibres of this nerve into its sensory 
nucleus, and into the gelatinous substance accompanying the so- 
called 'ascending' root; here they end by making sjTiapses. From 
the cells of the gelatinous substajice, if not also from the sensory 
nucleus axons proceed which crossing the median raphe become 
constituent fibres of the opposite median fillet. Other axons, as 
well as some of the numerous collaterals given off by the above 
axons, appear to end in the reticular formation ; and for such 
sensory impulses as pass along these, no path towards the cerebral 
hemisphere is at present known, other than a general path through 
the tegmental grey matter. It may be added that some observers 
have described fibres connecting the sensory nucleus of the 
trigeminal with the cerebellum, but this does not seem certain. 
From what has been said however it will be seen that this cranial 
nerve resembles the spinal nerves in having a special path by the 
fillet and a more general path by the tegmentum. And the same 
may be said of the other sensory cranial nerves. 

There remains to inquire what anatomical evidence has to say 
concerning the regions of the cortex especially connected with the 
sensory paths which we have thus traced to the tegmentum. The 
connections of the cerebral cortex with the tegmentum are very 
complex, fibres pass from many parts of the one to the other; but 
such evidence as is available seems to point to that part of the 
cortex which we have already called the Rolaudic area as the 
region in question. To this region also passes the direct cerebral 
continuation of the fillet. Injury to the tegmentum, and especially 
to the optic thalamus, causes a degeneration ascending to this 
region. Conversely removal of the region in the young leads to 
atrophy of the optic thalamus and other tegmental structures, 
and also it is said of the median fillet, and even the nuclei of the 
bulb. Further, the myelinalion of the fibres of the pjTamidal 
tract descending from this area is preceded by the myelination 
r of other accompanying fibres which may be traced, not like the 
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pyramidal fibres to the pea but to the optic thalamus and other 
parts of the tegmentum, including the fillet, aud which may be 
considered as carrying impulses to the cortex. 

§ 681. We may now turn to what can be learnt by experiment 
and clinical observation. 

Clinical experience shews that in man the integrity of the 
cerebral hemispheres, and of the connection of the hemiBpheres 
with the rest of the central nervous system, is essential to the 
full development of sensations; and that in this respect each 
hemisphere is related to the crossed side of the body. A very 
common form of paralysis or " stroke " ia that due to a lesion of 
some part of one hemisphere (the exact position of the lesion need 
not concern us now), frequently caused by rupture of a blood vessel, 
in which the patient loses all power of voluntary movement and 
all sensations on the crossed side of his body (including the face); 
he is said to be suflFering from hemiplegia, " one sided stroke." 
Not only do voluntary impulses fail to reach the muscles of the 
affected side, but sensory impulses, such as those which, started 
for instance in the skin, would under normal conditions lead to 
sensations of touch, of heat or cold, or of pain, fail to effect 
consciousness, when they originate on the affected side; the 
patient cannot on that side feel a rough surface, or a hot body, 
or the prick of a pin. For the sake of clearness we have spoken 
of the loss of movement and sensation as complete, but it might 
of course be partial; and indeed a complete loss of all sensation 
of pain is extremely unfrequent, if it ever occurs at all ; but we 
are not now attempting to distinguish between the various kinds 
of sensation. 

Experiments on animals, so far as they go, lead to the same 
conclusion, namely, that the integrity of the cerebral hemisphere, 
we may say of the cortex of the hemisphere, and of its connections 
with the parts below is essential to the full development of sen- 
sations started by stimuli applied to the opposite side of the body. 
That is to say, sensory irnpulses reaching the spinal cord by one of 
the spinal nerves, or the lower brain by one of the cranial nerves, 
cross over somewhere to the opposite side and do not become 
developed into full and perfect sensations until they have in some 
way called into play the cortex of the opposite hemisphere. We 
may here, in passing, repeat the warning which we have already 
given as to the extreme difficulty of drawing conclusions concerning 
the sensations and feelings of an animal, seeing that in so doing 
we are limited to purely objective signs. We can in most cases 
ascertain whether an animal is feeling pain or no, though even in 
this we may be misled; but when we attempt to judge whether 
an animal really appreciates the nature or even the intensity of a 
sensory impulse generated say in its skin, we have very scanty 
aud uncertain guidance. Hence, in these matters clinical obser- 
vations on man, who can more or less successfully describe what 



IltaAP. il] the brain. 1197 

be feels, are of predoTninant value ia spite of all the difficulties 
ftttendaDt on them. 
In discussing voluntary movements we came incidentally to 
the conclusion that the Rolandic area is in some way connected 
with the sensations of which we are now trcatine. The evidence 
of this is briefly as follows. The parts of the body, movements 
of which are produced by stimulation of the cortex in this area, 
are ' represented ' as is said in the cortex, are endowed with sensi- 
bility, and the cortical representation of a part ia proportionate to 
the sensibility no less than to the mobility of the part ; the parts 
which are highly sensitive, such as the hand, are represented by 
relatively large areas of cortex, those which are little sensitive, 
such as the back of the trunk, by small areas. Removal of the 
cortex in an animal affects sensation, no less, indeed somewhat 
more than movement, In epileptic attacks of cortical origin, a 
sensation, the aura, precedes the movement; and the man, whose 
cortex ia stimulated while he is conscious, describes a sensation as 
the dominant effect. 

Putting this experimental and clinical evidence side by aide 
with the anatomical evidence referred to above, we are led to the 
conclusion that the sensations with which we are now dealing are 
developed through the activity of the cortex in the Rolandic area 
out of sensory impulses which are brought to bear on that cortex 
through the fibres connecting that cortex with the thalamus 
and other tegmental structures. This conclusion is supported by 
the clinical experience that a lesion interrupting these fibres 
results in loss of sensation, aniesthesia, in the opposite aide of the 
body. 

But this is not the whole of the matter. The large gyrus 
fornicatus (Figs. 133, 135) on the mesial surface lies wholly 
outside the Rolandic area, being separated from it by the callosal- 
marginal sulcus. Stimulation of tne cortex dorsal of thb sulcus 
produces, as we have seen, movements of the trunk and other 
parts, but stimulation of the gyrus fornicatus ventral of the sulcus 
calls forth no movements whatever. Yet in the hands of more 
than one observer, the destruction of the whole or even of a part 
of this convolution in the monkey has led to a complete loss 
of sensations on the opposite side of the body, and that without 
loss of voluntary movement. The operation is a difficult one, but 
there are no valid reasons for thinking that the very obvious and 
tinmistakeable loss of sensation following the operation was due 
to incidental damage of other parts. It seems impossible to 
resist the conclusion that this part of the cortex is in some 
way or other connected with the development of cutaneous 
sensations. 

It will not be profitable to discuss here what are the relations 
of the activity of this convolution to the activity of the Rolandic 
urea as regards the development of sensations. There is no 
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evidence at all that the several parts of the body are represented 
topographically in the gyrus fomicatus as they are in the Rolandic 
area ; hence its activity as regards sensation must be of a different 
kind from that of the Rolandic area. But our present knowledge 
does not enable us to state anything as to the exact nature of 
that activity. We cannot suppose that the destnictioo of the 
gyrus fomicatus produces ancesthesia by annulling the sensory 
activity of the Rolandic area, since voluntary movements continue, 
and these, as we have seen, are contingent on sensations. But if 
the Rolandic area remains functionally active as regards sensa- 
tions, how is it that the injury to the gyrus fomicatus can possibly 
produce loss of sensations ? Obviously the matter is one of great 
complexity. 

The events in the cortex, whether of the Rolandic area or 
of the gyrus fomicatus, which issue in conscious sensations, are 
the result of influences brought to bear on the cortex through 
changes in the tegmental structures. What is the nature of 
these changes, and what name shall we apply to them ? We 
shall probably not go far wrong if relying on tne analogy of the 
mechanism for visual sensations we speak of these tegmental 
structures as lower sensory organs. The tactile and other sensa- 
tions with which we are now dealing probably need less elaboration 
than do visual sensations, but we may take it for granted that 
they need some. Even less however than in the case of visual 
sensations can we state what is the nature of that elaboration. 
We have seen that in the lower animals at all events elaborated 
sensory impulses, whether we call them sensations or not, are 
busily at work in the complete absence of the cerebral hemisphere ; 
and we may probably conclude that the nervous machinery for the 
elaboration and direction of such impulses is to be found in these 
tegmental structui'es. Further, if in such higher animals as man 
and the monkey, the working of such elaborated impulses seems 
absent, it is because in these organisms the welfare and activity 
of the machinery through which they work is so closely dependent 
on the coincident integrity and activity of the cortex. 

§ 682. Here we may fitly introduce what we have to say 
concerning the different kinds of sensations experienced by means 
of the skin and other general tissues of the body, and their 
individual development. In the case of visual sensations, as we 
shall see when we come to treat of these in detail, we have to do 
with two characters only. When a pencil of rays from a luminous 
point falls on the retina we are aware in the first place of the 
quality of the sensation, the luminous point appears of a certain 
brightness and of a certain colour, and in the second place of 
the relations in space of the sensation to other possible visual 
sensation, the point occupies a certain position in our field of 
vision. The visual nervous machinery has to provide for both 
these things. As we have seen, the retina is probably in some way 
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OP other topographically represented in the visual machinery; 
and each portion of the machinerj-. we may, for simplicity's sake, 
without committing ourselves say that each area of the cortex 
thus correlated to a particular area of the retina can be the 
instrument for the development of several sensations which differ 
from each other as to quality but occupy the same position in the 
field of vision. We may compare the skin and other tissues &om 
which sensory impulses proceed with the retina and regard it as 
supplying a field of sensations comparable to the field of vision, 
the constituent parts of the field not being however parts of 
extenial space biit of our own body. Thus when a hot body or 
a cold body is brought in contact with or even sufficiently near 
to the skin of the tip of the right forefinger we have a sensation 
of heat or of cold, and at the same time we are aware that we 
have gained that sensation by means of the tip of the right fore- 
finger. We localize the sensation at the same time that we 
appreciate it; we refer it as it is said to a particular region of 
the body. And this feature of localization pertains to all the 
sensations with which we are dealing, though in different degree. 
The power of localization is most marked in the case of the 
sensations of touch proper and of temperature ; it is less niai'ked 
in sensations of pain, and still leas in the sensations which 
we have spoken of as those of general sensibility and in those 
which go to make up the ' muscular sense ' ; the latter are in this 
respect much more diffuse, much less exact than the former. 
This localization, as we shall see, is unequal as regards different 
parte of the body ; it is for instance much more exact in the 
fingers than in the back, and the distribution of exactitude is not 
the same for all sensations, \n not exactly the same for instance in 
sensations of touch as in those of temperature. For the purposes 
of life this power of localizing a sensation is as important as, 
perhaps more important than, the appreciation of the intensity 
of the sensation ; and usually we speak of a part, such as the tip 
of the finger, as being very sensitive when the power of localizing 
is very highly developed. 

By means of the nerves proceeding from the tip of the finger 
we have then several distinct kinds of sensations which we all 
I recognize as coming from the tip of the finger ; these we distinguish 
as sensations of touch, of heat, of cold and of pain (we may for 
simplicity's sake limit ourselves to these), and we can recognize 
degrees in each. We may safely assume that a special nervous 
mechanism of some nature or other is provided for each kind 
of sensation. We may probably also assume that in each case 
a special kind of peripheral beginning, what we may broadly call 
a peripheral organ, is provided, as also a special kirid of central 
ending. We may probanly go so far as to assume that the sensory 
impulses giving nse to the sensati<:in travel in each case along 
special cbanneb, that is to say, along special fibres. But we are 
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not justified in assuming d. priori that the several different paths 
suggested by anatomical arrangements correspond to the difFerenl 
kinds of sensation, so that the sensory impulaes of one kind travel 
along one path, and another along another. It may be so or it 
may not be so ; observation can alone decide. 

§ 683. Clinical histories moke it very clear that special nervous 
mechanisms for the several kinds of sensation do exist. Sensations 
of touch may be interfered with or even annulled, while those of 
pain remain intact or almost so, and vice versa. Thus teases occur 
in which & needle may be thrust into the skin without any pain 
being felt, though the patient is aware that a needle is in contact 
with a particular spot of the skin, and others in which pain has 
been felt upon the insertion of a needle, though mere contact of 
the needle or ordinary pressure with it could not be appreciated. 
Again, sensations of touch proper, tactile sensations produced by 
contact and pressure and sensations of temperature may be affected 
independently. The muscular sense also may be affected apart 
from other sensations. Further, these differences have been 
observed not in cases of cerebral disease only but also in eases of 
spinal disease; that is to say, the differences in the ultimate 
conscious sensations mav be brought about by interfering with 
the sensory impulses while they are as yet on their way towards 
the brain ; this affords strong presumption that the several kinds 
of sensory impulses follow separate paths. 

But neither clinical study in man, nor experimental observation 
on animals, enables us at present to make any distinct statement as 
as to what those paths are. It might be supposed that the very 
distinct path by the posterior columns, bulbar nuclei and fillet 
serves as the special path for a particular kind of sensation ; and 
the kind of sensation which naturally suggests itself as the one 
taking this path is the highly localized tactile sensation pi-oper. 
But neither the clinical cases in which disease is limited to the 
posterior columns, nor the observation of the behaviour of animals 
m which the posterior columns have been divided, afford adequate 
proof that such a view is true. If tactile sensations travel alone 
and exclusively by the path in question, then a block in the median 
posterior column, say in the thoracic region, which would leave the 
root-zone in the lateral posterior column untouched, ought to 
abolish tactile sensations in the parts below, leaving other sen- 
sations unaffected. But it does not; sensations are affected but 
not the tactile sensations exclusively ; and moreover the deficiency 
of all kinds of sensation is not great. We seem driven to the 
conclusion that sensory impulses in general pass upwards towai'ds 
the brain, not by the special path of the posterior columns or not 
by this alone but chiefly by the more general path which we 
described a little way back; if the impulses taking this course 
reach the cerebral hemispheres by way of the fillet they must find 
theii- way to the fillet by some tract other than that supplied by 
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the fibres from the bulbar nuclei. This conclusion is con&rined 
by the results of experiments on aoimala. Sensation as a whole 
is more interfered with by division of the lateral, espeiiially the 
an tero- lateral columns of the cord, than by the division of other 
paits. Further, both experiments on animals and clinical observa- 
tions tend to shew that sensory impulses cross largely, even if 
gradually and tardily, to the other side of the curd, on their way to 
the brain. This, as we have seen, corresponds to the anatomical 
feature of what we have called the more general path, whereas 
tbe special tract by the posterior columns does not decussate 
until the bulbar nuclei have been passed. 

Again, seeing that the cerebellum seems in some special way 
connected with the coordination of movements, it is tempting to 
suppose that the cerebellar tracts, possibly more particularly the 
direct cerebellar, serve as the path for the sensory impulses giving 
rise to the muscular sense. But, again, clinical and so far as it 
goes experimental evidence gives no adequate support to such a 

§ 684. In the present state of our knowledge, then, the results 
of clinical study and experiment, while they confirm the view an 
to the passage of sensory impulses upwards along the cord sug- 
gested Dy the anatomical arrangements do not enable us to say 
which of the paths is taken by a particular kind of sensation ; 
indeed they rather raise the suspicion that the existence of more 
than one path along the cord has to do with the passage of sensory 
impulses of all kinds and has some other meaning. We may 
extend this view to the path beyond the cord within the brain. 
There we have to do with the limited and well-marked path by 
the median Bllet and a more general, at present undefined path by 
other parts of the tegmental region. We have at present no 
satisfactory clinical or experimental evidence that the hllet serves 
for a particular kind or for particular kinds of sensations exclusively. 
Nor IS there adequate evidence that it alone serves a^ the sole 
channel for those sensory impulses which are about to be developed 
into conscious psychical sensations, all other sensory impulses 
spending themselves upon the lower machinery of the middle bnuxL 
That the median fillet is in some way most important for the 
development of sensations seems very certain, but we aie not as yet 
in a position to state dehuitely what part it exactly plays. 

It may be worth while in this connection to compare the 
cutaneous and other sensations on which we are now dwelling 
with visual sensations. When a luminous point gives rise to 
visual sensations, these may be of quite different kinds. A 
sensation of white light and a sensation of red light (or say of 
red light and of blue) are as different from each other in kind 
as are a sensation of a prick and a sensation of a bum. Now 
though there are at least two quite distinct paths to the cortex, 
that Dy the pulvinar and that by the corpus geniculatum, it has 
F. HI. 77 
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never even been suggested that one serves for one kind of visaal 
sensation, and the other for another. Yet there must be a 
meaning for these two separate paths, and when we have dis- 
covered that meaning, we shall probably see our way to explain 
the separate paths for cutaneous sensory impulses. 

Again, there is no evidence whatever which would lead ua 
to suppose that the visual impulses giving rise to a red sensation 
aro carried to a particular part of the cortex, and those giving 
nse to a blue sensation to another part. The only topographical 
distribution in the cortex is one corresponding to the field of 
vision, and the differentiation of the several kinds of visual 
sensations derived from the same part of the retina is probably 
effected by a finer sort of machinery distributed generally, even 
if not uniformly, over the whole cortical area concerned in the 
development of visual sensations. And probably the same holds 
good for cutaneous sensations. 

The meaning of the remarkable cerebellar grip on the path 
of sensory impulses bad better be left until we come to sjieak 
of the cerebellum as a whole. 

§ 685. We have purposely said very little, and that for the 
most part incidentally, as to the results of the esperimeots in the 
way of hemisection or other partial section of the spinal cord 
in animals, on which in times past much stress has been laid, 
and concerning which much discussion has taken place. Their 
value in view of our main topic, the developmeut of sensations 
in man, is limited ; not in the downward centritiigal path of the 
pyramidal tract only, but also in the features of the upward, 
centripetal paths does the spinal cord of a rabbit or a dog diSer 
greatly from that of man ; the posterior columns of the cord like 
the pyramid tract are more highly developed in the higher 
animals. 

The results of such experiments may be briefly summarized 
as follows. Hemisection of the cord in a dog produces as an 
immediate eSect a loss or great diminution of sensation, not 
only on the same side but also on the opposite side ; but these 
effects after a while pass away so largely that permanent defects 
of sensation can with difficulty, if at all, be detected. This 
recovery may be interpreted as due on the one hand to the passing 
off of the effects of the operation, the shock and the like on which 
we have more than once dwelt, and on the other hand to the 
establishment of new vicarious paths for the sensory impulses. 
Further, if after a hemisection at a certain level, with subsequent 
recovery a second hemisection higher up on the opposite side 
be performed, this is followed like the first by loss or great im- 
pairment of sensation, and like the first may be followed by 
recovery or at least great improvement. Even a third hemi- 
section, still higher up, on the same side as the first may be 
performed, and yet a large amount of recovery may take place. 
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Id such cases the sensory impulses must travel in a zigzag 
maoner from side to side, passing across the breaks made by 
the hemisectioue, either by the short course fibres of the white 
matter, or simply by the grey matter from cell to cell. Such 
experiments throw, however, but little light on the normal 
passage of sensory impulses in the highly-strung spinal cord of 
man ; they only illustrate what we know in other ways, as by 
the strychnia experiments (§ 5S6) that in the complex labyrinth 
of the cord, the path taken by an impulse among many anatomical 
possibilities is determined by physiological conditions. That such 
vicarious action a& is shewn in the case of the dog, is very rarely, 
if at all, seen in the monkey and nut at all in man, is to be 
explained by the greater dependence of the welfare of spinal 
elements in these more highly organized beings on the normal 
influences exerted on them by the brain (cf § 658). 

It may be interesting to note that in a dog which hod partially 
recovered voluntary movements in its hind limbs after a third 
bemisection of the thoracic cord, when, at its death, a strong 
tetanizing current was directed through the bulb and cervical 
cord no movements of the hind limbs followed; the impulses 
started by artificial stimulation could not pass the bridge which 
sufficed for volitional impulses of natural origin. We have no 
reason to think that the failure was due to diminished irritability 
consequent on death ; we should rather take the result as a 
warning against assuming that the 'nervous impulses' which 
sweep naturally up and down the centra! nervous system are 
identical in nature with those started in peripheral nerves by 
artificial stimulation. 

Experiments on animals have also shewn that the upward 
paths for sensory impulses lie largely in the antero-lateral 
columns; the afferent impulses affecting the bulbar vaso-motor 
centre, for instance, seem to travel in this column; but the 
experiments throw little light beyond that which we have already 
otherwise gained. 

One phenomenon perhaps deserves mention. In some cases 
hemisection of the cord, while causing loss or impairment of 
sensation on the opposite side, brings about an increase of sensi- 
bility, a ' hypenestbesia ' of the same side. The hemisection 
causes loss of vaso-motor tone on the same side, and this by 
increasing the sensitiveness of the peripheral sensory organs may 
be the cause of an apparent but not real increase in the facility 
with which sensory impulses travel along the cord. This however 
we cannot regard as the whole explanation ; vaso-motor tone is 
soon reestablished, whereas this hyperaesthesia peraists for a very 
long time, and probably never passes off, though it may vary in 
intensity from time to time. It may perhaps be compared with 
the increased sensitiveness which is (Observed when in dividing 
separately a series of sensory spinal roots an area of sensitive skin 
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is lefb surrounded by ineeositive areas ; the sensitive oess of that 
area appears to be heightened. In both cases the increase of 
sensation is most marked in the parts of the sensitive area 
bordering on insensitive areas. We may also compare thb 
hypersestnesia with the increased briskness of the knee-jerk 
which results from the sevei'ance of the sensory nerves adjoining 
those necessary for the knee-jerk mechanism. When we come 
to deal with vision we shall have to study the phenomena of 
' contrast ' ; we shall see that stimulation of a limited area of the 
retina in producing its efiects on the corresponding part of the 
cerebral visual mechanism also produces effects of an opposite 
character in neighbouring parts of that mechanism, The hjrper- 
Eestheaia which we are considering appears to belong to this class 
of phenomena. Its occurrence warns us that while we must 
admit the conclusion that sensory impulses coming from one side 
of the body are developed into sensations in the opposite cerebral 
hemisphere, we must not assume that the other hemisphere is not 
in any way affected by them and has nothing whatever to do with 
them. We ought perhaps to conclude that in every cerebral act 
both hemispheres are always at work, though in different ways. 

§ 686. We may now briefly sum up the conclusions arrived at 
in the preceding discussions somewhat as follows. 

The several cutaneous and other sensory impulses carried to 
the spinal cord by the dorsal spinal roots travel up the cord 
by more than one path. There is a special path by the posterior 
columns leading by the bulbar nuclei chiefly to the fillet of the 
other side, and so to the thalamus and adjoining tegmental 
structures, some few of the impulses apparently reaching the 
cortex directly by the cerebral continuation of the fillet. The other 
path is a more general path by way of cells of the cord placed 
not far from the entrance of the root. Thence a somewhat narrow 
path is afforded by fibres which, crossing over to the antero- 
lateral tract of the opposite side, pass on through it to the fillet. 
The path of the remaining impulses upwards towards the cerebral 
hemispheres is not exactly known ; they do not follow long tracts 
which reveal themselves by degeneration; they may pass by relays 
along fibres of abort course or may travel by more frequently 
repeated relays along the grey matter; they appear gradually 
to cross over to the opposite side, and may be regarded as ending 
in the tegmentum, whatever be the way by which they reach it. 
In like manner the sensory impulsea reaching the central nervous 
system along the sensory cranial nerves pass upward on the one 
hand by the fillet, and on the other hand by the more general 
path of the tegmentum. 

From the tegmentum the various sensory impulses pass to the 
cerebral cortex, to that of the Rolandic area, and apparently to 
that also of the gyrus foraicatus: and in the cortex they are 
developed into full sensations. But how the events in the gyrus 
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^H|bmicatu9 differ from those in the Rolandic area, and how these 

^^^re related to each other, is not known. While passing along the 

^^ tegmental region the sensory impulses are brought into connection 

with the complex nervous machinery of the middle brain and thus 

serve for carrying out such effects of sensory impulses as can be 

carried out in the absence of the cerebral hemispheres. 

Though obviously the several kinds of sensory impulses both 
travel in the cord and are developed in the brain in such a way 
that by disease or otherwise they may be affected separately or 
differently, the conditions determining their passage and develop- 
ment, whether for instance they travel along separate tracts, cannot 
at present be definitely stated. 

Lastly, a large number of impulses are carried up, not to the 
tegmentum and the cerebral hemispheres, but to the cerebellum, 
chiefly of the same side ; and such share as these may have in 
developing or influencing conscious sensations or whatever work 
they may nave to do is brought about through the connections of 
each hemisphere of the cerebellum with the crossed cerebral 
hemisphere. 



SEC. 10. SOME OTHER ASPECTS OF THE FUNCTIONS 
OF THE BRAIN. 



§ 687. We may now, changiug our plan of attacking the 
subject, attempt to form some conclusions in respect to the 
functions of some of those parts of the brain, concemingwhich 
the previous discussions led us to say little or nothing. We will 
first turn to the cerebellum, the many ties of which with other 
parts of the central nervous system have repeatedly come under 
our notice, and the complex nature of the superficial grey matter 
of which has already attracted our attention. In dealing with 
this it will be advantageous to reverse the order which we have 
hitherto adopted. We will consider firat the results of experi- 
mental enquiries and clinical observations, and afterwards compare 
these with the teachings of anatomy. 

Unlike the case of the cerebral cortex, electrical stimulation 
of the cerebellar surface has yielded results of no great importance. 
Movements of the eyes and other parts of the head apparently 
connected with vision as well as movements of the limbs obviously 
connected with progression have been observed, but nothing very 
definite has been learnt. 

When in an animal, monkey, cat, or dog, for instance, the 
whole cerebellum is removed, and the immediate effects of the 
operation have passed away, the condition of the animal is such 
as to excite wonder that the loss of so large and apparently 
important organ has brought about so little change. Its psychical 
powers do not appear to be at all impaired or changed ; it is as 
alert and as intelligent as before. Sight, hearing, and the other 
special senses, seem unaffected ; there are no distinct signs of its 
cutaneous or general sensibility being deficient or altered. The 
most that can be observed is a deficiency in its movements ; 
these are marked by a certain amount of what we may for the 
present speak of under the general term of ' incoordination.' 

If, instead of the whole, one-half of the organ be removed, 
the effects of the loss can be more satisfactorily analysed ; and 
these are found to be as follows. For convenience of description 
we will suppose that it is the right half which has been removed. 
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No change in psychical condition can be discovered ; none iu 
the development of sensations ; the skin of one aide is neither 
more nor less sensitive than that of the other. But moveiuents 
are abnormal ; they are not the same on the two sides of the 
bodv, and examination diiicloses that the difference is due to 
modilications of the movements of the right side, that is, of the 
same side as that on which the half of the cerebellum was 
removed. The animal uses the left side, and especially the left 
limbs more than the right : it moves the left limb in preference 
to the right, it leans towards the right side, it falls on the right 
side, and in general shews by the character of its movements that 
the muscles of the right side are not being worked in a normal 
manner. The condition is one not so much of absolute loss of power, 
as of imperfect action. This imperfect action has been described 
under the general term iucoordmation, but has been analysed, 
though all observers are not agreed in this, on the one hand 
into diminished power, that is to say, energy of contraction 
(parasthenia), which, in the dog, is most conspicuous in the 
muscles of the hind leg, and on the other hand into a 
diminished tone (paratonia), and an unsteadiness of contiraction 
due to the occurrence of small and rapid, though regular tremors 
(parastasia). Some observers have also found evidence of a kind 
of overaction of the muscles on the right side, so that the neck is 
curved on the right side and the right limbs are stiffened ; and 
it is stated that the knee-jerk is, after a time, exaggerated on the 
right side. In the dog, the diminished power over the right hind 
leg is often so marked that the animal has a difficulty in standing, 
in supporting the weight of its body ; yet the diminution is not 
so great as to prevent the animal swimming with ease, the water 
affording support to its body. Obviously there is something wrong 
in the nervous machinery for carrjing out the movements, and 
especially perhaps the voluntary movements of the right side. 
This is further shewn by the fact that the animal has a great 
tendency to execute one of the movements which, in an earlier 
part of this work, we described (§ 645) as 'forced movements'; 
it is apt to roll round the long axis of the body, turning from the 
right side to the left. Abnormal action of the ocular muscles 
IB also, if not always, at least at times observed; the eyes are 
tamed, ' deviated ' towards the left side ; but this, in some cases at 
^1 events, is repeatedly corrected as it were by jerking movements 
(lateral nystagmus) back towards the right side. 

In the above we have supposed the right half of the cerebellum 
to be removed; but like results, mutatis mutandis, follow the 
removal of the left half; each half of the cerebellum has some- 
thing to do with the muscular actions of the same side of the 
body a£ itself. So far as we know at present, the machinery 
of the skeletal muscles only is affected ; there is no evidence that 
splanchnic movements or indeed splanchnic events of any kind are 
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in any way dependent on the cerebellum. And we may remaik 
in passing that the old idea of the cerebellum being eapecially 
connected with sexual functions has no real support. 

The above results of experimental enquJrj' are in a general 
way supported by clinical observation. Disease of the cerebellum, 
uncomplicated by lesions in other parts of the brain, in no way 
interferes with psychical powers, and does not in the least impair 
sensations, either special or general ; the blindness which is a 
symptom of tumour of the cerebellum is due to a mechanical 
effect of the tumour upon the visual machinery. But it 
does interfere with the action of the skeletal muscles. The 
disorder which it brings about, an unsteady gait, the ' cerebellar 
reel,' not wholly unlike that of dninkennesB. is usually described 
as ' incoordination ' ; but, bo far as it can be analysed, seems to be 
of the same nature as that produced experimentally in animals ; 
the same diminution of power leading to a difficulty in maintaining 
the erect posture, the same diminution of tone, and the same 
occurrence of tremors have been observed. When the lesion la 
confined to one side of the cerebellum, say the right, the same 
deviation of the eyes to the left, and the corrective lateral 
nystagmus, are part of the symptoms; and a vertigo, due to 
things seeming to be slipping towards the right in the field of 
vision, as the eyes themselves move to the left, is often met 
with. In fact trustworthy clinical observation and experimental 
inquiry are in this matter singularly concordant. 

What light does anatomy throw on this obvious connection 
between the cerebellum and the skeletal muscles, between one side 
of the cerebellum and the muscles of the same side ? 

As we have seen the connections of the cerebellum with the 
afferent fibres of the spinal nerves are conspicuous. The direct 
cerebellar tract carries impulses, after a relay by means of cells in 
the vesicular cylinder, or of analogous cells, up to the cerebellum 
by the inferior peduncle. Fibres of the ascending antero-lateral 
tract carry impulses, after a relay in some or other cells of the 
grey matter lying not far from the entrance of the nerve root to 
the cerebellum by the superior peduncle. Fibres passing from 
the dorsal nuclei of the bulb, the gracile and cuneate nuclei, carry 
to the cerebellum by the inferior peduncle impulses which, passing 
upwards along the posterior columns, have undergone a relay in 
those nuclei. In the ease of the two former tracts the connections 
are wholly on the same side ; the connection with the nuclei of 
the bulb 18 partly crossed, but to a large extent uncrossed. Thus, 
whichever be the path taken by sensory impulses aa they pass 
into the cord, whether they maJce for the p<i8terior columns, or 
for the cells of the vesicular cylinder, or the more general cells 
of the grey matter, there is a way, we may say, a broad and easy 
way, ready for them to the cerebellum of the same side. Probably 
a path to the cerebellum is present for impulses flowing inwards 
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alon^ the sensory fibres of the cranial nerves also, tliat is of the 
cranial nerves generally ; and aa we have seen there is a special 
connection between the cerebellum and the vestibular nerve, 
whether by the fibres which spring from the lateral auditory 
nucleus, nucleus of Deiters, as it is sometimes called, or by the 
fibres which pass up to the cerebellum through that nucleus with- 
out forming synapses with its cells. This connection is also a 
connection on the same side. 

While the cerebellum has thus chiefly, though not exclusively 
through the inferior peduncle, ample connections with sensory 
elements of the same side, it has through the middle peduncle, 
a notable though indirect connection with the cerebral cortex of 
the opposite aide. As we have seen (§ C32) the cortex in the 
frontal and occi pi to- temporal region is connected with the pons 
of the same side, through fibi'es which take up in the pes of 
the cms a position on each side of the pyramidal tract, and 
fibres from the parietal region, following the course of the 
pyramidal tract, even if we ought not to call them pyramidal 
fibres, also pass to the pons of the same side. From the grey 
matter of the pons, fibres crossing the middle line pass through 
the middle peduncles, which indeed they form, to the cerebellar 

I surface of the opposite side (§ 635). 

' We have reason to believe that a large number of the fibres 
thus passing from the cerebral cortex to the poos are axons of 
cells in the cortex, carrying impulses from the cortex to the pouH, 
and similarly that a large number of the fibres forming the 
middle peduncle are axons of cells in the grey matter of the pons 
of the opposite side, which, crossing the middle line, end as the 
' moss ' fibres or ' tendril ' fibres seen in the superficial grey matter 
of that side of the cerebellum. The fibres from the cerebral cortex 
form synapses with the cells in the pons whose axons proceed 
to the opposite cerebellar surface. We thus have disclosed a 
mechanism by which impulses or influences leaving one region 
or another of the cortex of one cerebral hemisphere may, by a 
relay in the pons, be brought to bear on the t«uperfictai grey 
matter of the cerebellum of the opposite side. At the same time 
it is possible that some of the fibres in question supply a 
mechanism working in an opposite direction. It may be that 
some of the fibres of the middle peduncle are axons of Purkinj^ 
cells which carry impulses from the cerebellar surface to the 
pons of the opposite side, and those, by a relay, start other im- 
pulses passing up to the cerebral cortex on the same side so 
Ew as the pons is concerned, but opposite so far aa the cerebellum 
is concerned. This however remains to be more definitely de- 
termined by future enquiry. We may add that a similar question 
arises with regard to the inferior peduncle. The dominant fibres 
of this are fibres carrying impulses to the superficial grey matter 
of the cerebellum, especially perhaps to that of the median vermis, 
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but whether there are not also fibres carrying impulses from the 
cerebellum to the bulb and spinal cord is a matter on which 
observers are not agreed. 

The superior peduncle is obvioualy of a more mixed nature. 
We have seen that as it leaves the cerebellum it is joined by 
fibres from the an tero- lateral ascending tract of the cord of the 
same side, which run back along it presumably to the superficial 
grey matter. The peduncle itself, running forwards and de- 
cussatiog ventral to the corjpora quadrigemina, may be traced to 
the red nucleus of the opposite side. According to most obaervere 
the decussation is complete ; but it is stated that some fibres 
comine from the opposice side of the cerebellum do not decussate. 
The whole peduncle does not actually end in the nucleus. Some 
of these fibres simply pass through the nucleus, and end else- 
where. Without going into details it may be said that either 
indirectly through the red nucleus or other structures belonging 
to, or connected with, the tegmentum, or directly by fibres 
passing up to the cortex, the superior peduncle fumiahes a 
connection between one side of the cerebellum and the cortex 
of the opposite hemisphere ; and indeed it used to be called the 
' processus a cerebello ad cerebrum.' 

We further have reason to believe that this connection is a 
double one, in the sense that it consists on the one hand of fibres 
carrying impulses from the cerebral hemiaphere to the cerebellum, 
and on the other of fibres carrying impulses in the opposite 
direction. From cells in the red nucleua axons may be traced 
into the peduncle; these supply a path for impulses to the 
cerebellum. As we have seen, this superior peduncle is largely 
connected with the nucleus dentatus, and the axons in question 
may end in the grey matter of that nucleus; but if so, the cells of 
the nucleus serve simply as a relay, the impulses passing on from 
the nucleus to the superficial grey matter. Some of the fibres 
of the peduncle, however, appear to pass directly to the grey 
matter, without any relay. Conversely, impulses leaving the 
cerebellar superficial grey matter along the axons of cells of 
Purkinj^ appear to pass into the peduncle, either directly or 
indirectly through a relay in the nucleus dentatua. 

Thus, though many details have to be settled by future 
inquiry, we have evidence that the superficial grey matter of 
the cerebellum of each side is connected on the one hand chie6y 
by the inferior peduncle with the sensory machinery of the body 
at large of the same side, including the special afferent mechanism 
of the vestibular nerve, and, on the other hand, by the other 
peduncles with the cerebral cortex of the opposite side. 

The anatomical arrangement suggests that in carrying out 
some at least of the work which sensory impulses have to do, 
the cerebellum and the cerebral cortex act together, the one-half 
of the cerebellum acting with the opposite cerebral hemisphere. 
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In that part of the work of sensoi-y impulses which culminateB 
in psychical labours, in sensations properly so called, in percep- 
tions and the like, the ce robe Hum appears to have nothing 
whatever to do. It appears to be concerned only with sensory 
afferent impulses in so far as these enter into the development of 
movements carried out by the skeletal muscles. And even in 
respect to these its action is limited. No kind of movement is 
missing as the result of cerebellar failure, as is the case when 
the pyramidal tract or the sensory path itself is interfered with. 
An animal in the absence of the cerebellar machinery can execute 
all its ordinary movements. What is lacking is precision and 
completeness in the movements. 

We are thus led to suppose that when a movement is about 
to be carried out. the sensory impulses whose existence, as we 
have seen, is essential to the completion of any movement due 
to the action of the central nervous system, stream up to the 
cerebellum and to the cerebral cortex at the same time, the 
impulses from one side of the body going to the cerebellum of 
the same side and to the cerebral cortex of the opposite side. 
We ore further led to suppose that then something passes between 
the cerebellum and the cerebral cortex, by means of which the 
efferent impulses which appear as the outcome of the whole 
nervous act pass down to their appropriate destinations in an 
efficient manner. 

Much more than this we are not at present in a position to 
say. Some of the facts seem to point to the cerebellum exerting 
a moderating, restraining influence on the cortex. Thus the 
deviation of the eyes observed after removal of half the cere- 
bellum seems to be due to an over-action of the opposite cerebral 
hemisphere ; and, as we have said, other indications of unilateral 
over-action have been noticed. Moreover it is stated that after 
removal of half the cerebellum, the excitability towards artificial 
stimulation of the Eolandic cortex of the opposite cerebral hemi- 
sphere is exaggerated. But it would not oe profitable to dwell 
on this matter at length. Nor, even admitting such a view, 
can we state with certainty what are the channels by which 
the cerebellum acts on the cerebral cortex. As we have seen, 
both the middle and superior peduncle seem to fiimbh a path 
for impulses from the cerebellum to the cerebrum ; but the path 
from the cerebrum to the cerebellum seems a much more 
prominent one, though it is the former path which, according 
to our ordinary conceptions, is postulated by the view in question. 
We say, according to our ordinary conceptions, but as we have 
already more than once insisted, we must not assume that within 
the central nervous system at all events, an axon carries impulses 
exclusively from the perikaryon towards its own terminals. It may 
be that the play between cerebrum and cerebral is of a kind which 
cannot be denoted by such terms as centrifugal and centripetal. 
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The great complexity in the Btnieture of the superficial grey 
matter of the cerebellum justifies us in assuming that much nervous 
' business ' is carried on there. That business, whatever it may 
be, never, so far as we know, crosses the threshold of conscioua- 
ness, however near it may come to it ; it seems to be, in some 
way or other, occupied simply with the due canying out of 
muscular contractions, and the fact that so intricate and manifold 
a nervous machinery seems necessary for, so to speak, the mere 
superintendence, of bodily movements, may be taken as a warning 
of how little after all we know of the real inner working of the 
brain. 

§ 688. Concerning the functions of the rest of the brain 
lying between the spinal cord and the cerebral cortex, unless 
we were to enter into details which would be unfitting hei*. 
very little remains to be said beyond what has already b^u said 
in the previous discussions. With regard to all this part of the 
brain, the results of experimental iuterterence are uncertain and of 
little value unless they are distinctly corroborated by anatomical 
teachings, and the same perhaps may be said even of clinical 
observations. Our anatomical knowledge, though rapidly in- 
creasing, still leaves much to be desired ; and we nmst for the 
present be content with conceptions which, in the absence of 
an adequate anatomical basis, must necessarily be general and 
vague. 

Many of the constituents of the bulb and of the teg^nental 
region, the nuclei of the cranial nerves, and the structures 
immediately connected with these, such for instance as the 
posterior longitudinal bundles, may be regarded as analogues, 
though perhaps more elaborately developed, of spinal nervous 
mechanisms, mechanisms of an afferent or of an efferent nature, 
or mechanisms bringing these two into direct relation ; they may 
be looked upon as corresponding in a broad way to the simple 
spinal mechanisms engaged in carrying out ordinary reflex actions. 

Other parts of the region in question may be regarded as mechan- 
isms for the special senses, mechanisms of the same class as the above 
but much more highly developed. As we have seen, the anterior 
corpora quadrigemma form in part at least a visual mechajuBm. 
In the lower animals, as we have said, these bodies probably carrj' 
out a great deal of the whole business of 'sight'; in the higher 
animals their work seems largely restricted to bringing visual 
impulses into direct relation with the motor nervous mechanisms 
of vision. Injury to, or removal of, or disease of these bodies 
interferes with sight, the exact mode in which vision is thereby 
affected differing in different kinds of animals; and artificial 
stimulation of them, as by electrical currents, calls forth among 
other things movements connected with vision. The posterior 
corpora quadrigemina seem, as we have also seen, in a somewhat 
similar way connected with hearing. In view of what was said 
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above as to so many of these cerebral structures being mechanisms, 
either simple or elaborate for brinj^ing aEfei-ent impulses into 
connection with appropriate motor mechanisms, it may be in- 
teresting to note that stiniulation of the surface of the pOBterior 
corpora quadrigemina, in the monkey and some other animals, 
among other effects gives rise to a peculiar cry or bark ; it is 
stated moreover that removal of these bodies not only renders the 
animal more or less deaf but also interferes with or in some way 
changes the voice. In the frog, too, the optic lobes, a part of which 
corresponds to the posterior corpora quadrigemina of the mammal, 
contain the nervous mechanism for the croaking mentioned in § 638 ; 
when these are removed that kind of croaking cannot be brought 
about. This part of the brain seems to supply a mechanism by 
which the nervous impulses, giving rise to vocal movements, are 
brought into relation with auditory impulses. 

All the parts of the brain which we are now considering, 
namely, those from the optic thalamus backwards, are developed 
out of the primitive brain, ending in front in the third ventricle, 
the cerebral and olfactory vesicles being subsequently added. In 
the lower animals, for instance in the fish, these parts are the 
instruments of so much of the nervous life of these animals, 
and even of such psychical life as they possess, that the loss of 
nervous functions, which is entailed by the loss of the cerebral 
hemispheres, is with difficulty appreciated. The fish deprived 
of its cerebral hemispheres is not only able to carry out all its 
ordinary movements apparently as well as before, but moves of 
its own accord, retains what we call its ' will.' As we ascend the 
animal scale, the whole of this part of the brain is made, as 
we have attempted to shew in preceding sections, increasingly 
subservient to the behests of the cerebral cortex, until in man 
it seems to be reduced to little more than a nervous machinery, 
whose action we designate by the vague term of 'coordination 
of movements.' That coordination entails, in many cases at least, 
aconsiderable development of afferent impulses; these, through the 
agency of this central machineiy acquire, as we were led to believe 
in treating of vision, characters different from those which they 
possess as they are sweeping along the peripheral afferent fibres, 
and are thereby at the same time fitted for the further use of 
them by the cerebral hemisphere ; but we are not at present 
in a position to state what is the nature of that development 
or to explain how coordination is effected, or indeed what we 
exactly mean by it. The little we have been able to say about 
the cerebellum leads us to believe that the part played by 
that organ in coordination has to do on the one hand with the 
general afferent impulses concerned in the movements of the 
skeletal muscles, namely, those fiy>m the akin, muscles, joints 
and tendons, and on the other hand with the special vestibular 
impulses. At the same time that little shews us how compli 
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in this respect is the action of the cerebellum, and warns us not 
to carry too far into the interpretation of what it does, the 
conceptions of nervous impulses which we have gained from the 
behaviour of peripheral afferent or efferent fibres under artificial 
treatment ; the mere passage thiB way or that of ordinary impulses, 
whether sensory or motor, seems insufficient to explain cerebellar 
action. We may bear this warning in mind when we are dealing 
with matters about which we know even less than about the 
cerebellum, with the work of the anterior corpora quadrigemina 
in weaving visual impulses, and with that of the posterior corpora 
i|uadrigemina in weaving auditory impulses into the ' coordination ' 
web. 

These two bodies seem further to have ' coordinating ' work 
to do, other than that connected with either sight or hearing, 
and yet different from that of the cerebellum. In the lower 
animals, as in the frog, the optic lobes, not yet differentiated 
into the above two bodies, seem to have a special connection with 
coordination ; a frog deprived of its optic lobes loses the power 
of balancing, which it retains (§ 638) after the removal of the 
hemispheres. But what in the mammal such a work of the two 
bodies is we can not at present tell. Still less perhaps can we say 
anything definite beyond what has been said in preceding pages 
about the optic thalami or the sub-thalamic and other structures 
which are clustered round the end of the third ventricle. 

§ 689. Besides the somatic functions which in previous 
discussions we have chiefly had in view, the brain as a whole 
undoubtedly carries out splanchnic functions; concerning these, 
however, we must be very brief. 

Of the respiratory and vaso-motor functions of the bulb we 
have already treated in their appropriate places, and we have 
referred (§ 535) to the esperimental evidence that a lesion of the 
corpus striatum, or of the front part of the optic thalamus has a 
remarkable influence on the development of heat in the body. 
We have further seen that the higher parts of the brain, acting 
through the bulb, exercise powerful influences on respiration, on 
the vaso-motor system, and on the beat of the heart. X^ily 
experience affords abundant instances of actions such as these, 
as well as of the influence of the brain on other or;ganic functions. 
We can bring our will to bear on the mechanism of micturition 
(§ 430) which is almost wholly, and on the mechanism of 
defeseation (§ 275) which is largely, splanchnic in nature. These 
movements, however, are not skilled movements; and as we 
explained in dealing with them, the action of the brain as regards 
them seems limited to augmenting or inhibiting the activity of spinal 
centres. We should therefore hardly expect them to be specially 
represented in the cortex. But emotions have a much wider and 
more powerful influence over the splanchnic functions than has the 
will, and have the power of affecting the work of certain organs, for 
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instance the heart and secreting glands, which the will is unable to 
touch. And since we have reason to believe that the coi'tex is closely 
associated with the emotions, we may naturally infer that elemeute 
of the cortex supply a link in the chain through which an emotion 
influences this or that splanchnic activity ; we may, accordingly, 
expect to find that stimulation of some part or other of the 
cortex produces splanchnic effects. The results of experimental 
investigation, however, are both scanty and discordant. Thus, 
some observers find that the stimulation of the cortex, the locality 
being in the dog some part of the sigmoid gyrus, produces move- 
ments of the bladder; and they trace the path of this influence 
through the front part of the thalamus and the tegmentum to the 
bulb, and so to the cord, excluding the cerebellum, which other 
observers believed to be concerned in the matter. So also 
stimulation of the cortex may produce a flow of saliva; and 
stimulation of some part or other of the Rolandic area produces a 
flow more readily than does stimulation of other parts of the 
cortex. But the results of experiments do not agree m indicating 
a deflnite localisation like that for movements ; and indeed it may 
be argued that the secretion, when it does occur, is an indirect and 
not a direct effect of the cortical stimulation. It is perhaps 
worthy of note that no one has observed stimulation of the cortex 
to produce pilo-motor effects (§ 437), though erection of the hairs 
is a conspicuous emotional sign. 

Similarly, stimulation of parts of the cortex has in the hands 
of various observers led to movements or to arrest of movements 
of the intestines, to changes in the beat of the heart, and to 
various vaso-motor and other effects ; but it will not be profitable 
to enter into any further details. We may, however, add the 
remark that when the cortical motor area for a limb is removed, 
or suffers a lesion, the temporary paralysis which is thereby caused 
is accompanied by a rise of temperature in the limb; this may 
be at times very great indeed ; in the monkey, for instance, the 
hand or foot on the paralysed side may be as much as 5" C. 
higher than that of the other side. The effect m partly due 
to vaso- motor paralysis, but, especially considering that the 
muscles of the limb are relatively quiescent and so producing less 
heat than usual, cannot be due to that alone. The remarUable 
result may be taken as still further illustrating the complexity of 
the processes connected with the cortical Rolandic area ; this area 
seems in some way associated with the vascular arrangements and 
nutrition of the muscles with whose movements it is concerned. 

In this connection it may be worth white to call attention to 
the striking change which takes place in the general metabolism 
of such an animal as a dog. when the cerebral hemispheres are 
removed or curtailed. In the case of the dogs referred to in 
§ 641, from which nearly the whole of both hemispheres had 
been removed piecemeal, the daily meal had to be largely, one 
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might almost say enormously, increaaed, in order to keep the 
animal in health or even alive; in fact a great increase in bodily 
metabolbm seemed to be as notable or even a more notable effect 
of the loss of the cerebral cortex than the modifications of sensa- 
tion or movement which were observed. The histories of these 
dogs leave on the reader the impression that the great use of the 
cerebral cortex is to regulate the nutrition of the body; and 
although we may probably assume that the effect is brought about 
in some indirect manner, still the mere fact illustrates very forcibly 
the complexity of the work of the brain. 

§ 690. There remain yet a few more words to be said about the 
cerebral cortex. We regard, and justly so, the spontaneous intrinsic 
activity of the brain as the most striking feature of its life. The 
nearest approach to it which we find elsewhere in the body, is 
perhaps the rhythmic beat of the heart. The analogy between the 
' regular automatism " of the one and the "irregular automatism " 
of the other is a striking one ; and indeed our knowledge of the 
relatively simple spontaneity of the heart has probably influenced 
to a large extent our conceptions of the complex spontaneity of 
the brain. In the heart the rhythmic discharge of energy is 
chiefly determiued by intrinsic chemical changes, by the meta- 
bolism of the cardiac substance; the influence of external 
circumstances, apart from those which provide an adequate supply 
of proper blood, is wholly subsidiary and serves only to raise or 
to lower the intrinsic changes from time to time, as occasion may 
demand. And the analogy of the heart has perhaps led us to 
exaggei-ate the part played in the brain by the like intrinsic 
chemical metabolism. (We are here of course viewing the action 
of the brain from the only stand-point admissible in these pa^es, 
the purely physiological one ; but such a mode of treatment does 
not prejudge other points of view.) Some writers use expressions 
which seem to imply the conception that the nervous changes 
forming the basis of the psychical and other processes of the brain 
are chiefly the direct outcome of the chemical metabolism of the 
grey matter, and especially of the nerve cells. They speak of "the 
discharge of energy" from these cells in the same way that we 
can speak of the discharge of energy from a cardiac fibre. But, to 
say nothing of the low rate of nervous metabolism as measured 
in terms of chemical energy, we have no experimental or other 
evidence of nervous substance in any part of the body being, like 
the cardiac substance, the seat of an important metabolism 
carried on independent of influences other than purely nutritive 
ones. In the case of nerve cells interpolated along nerves 
composed of fibres of the same kind, as in the sporadic ganglia, 
all the instances where the nerve cells were supposed to initiate 
active processes have, on examination, broken down ; as we have 
seen, the ganglia of the heart do not supply the mo*-ing cause of 
the heart beat. It is only in the central nervous system, the 
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dominant character of the grey matter of which is the multiple 
junction of nerve celU having different connections, the junctions 
being thickest and the cells most varied where the work is highest, 
that we have any evidence of "discharge of energy "from the cells. 

As we pointed out (§ 597) in speaking of the spinal cord, the 
discharge of efferent impulfles from the central nervous system, 
though it undoubtedly must have a certain chemical basis, namely, 
the metabolism of the nervous substance, is, in the first line, 
dependent on the advent of afferent impult>es. But this, if true of 
the spinal cord, is still more tnie of the brain, which receives or 
may receive not only all the impulses which reach it through the 
cord, but especially potent and varied impulses directly through 
the cranial nerves. All life long the never-ceasing changes of 
the external world continually break as waves on the periphei-al 
endings of the afferent ner^-es, all life long nen-ous impulses, now 
more, now fewer, are continually sweeping inwards towards the 
centre ; and the nervous metabolism, which ls the basis of nervous 
action, must be at least as largely dependent on these influences 
from without, a« on the mere chemical supply furnished by the 
blood from within. 

We have developed this point because of the influence it 
must have on our conceptions of the physiological processes taking 
place in the cortex. If we accept the view iust laid down, we 
must regard the aupereminent activity of the cortex and the 
characters of the processes taking place in it as due not so much 
to the intrinsic chemical nature of the nervous substance which is 
built up into the cortical grey matter as to the fact that impulses 
are continually streaming into it from all parts of the body, that 
almost all influences brought to bear on the body make them- 
selves felt by it. To put the matter in a bald way we may ask 
the question, what would happen in the cortex if. its ordinary 
nutritive supply remaining as before, it were cut adrift from 
afferent impulses of all kinds 1 We can hardly doubt but that 
volitional and other psychical processes would soon come to 
a standstill and consciousness vanish. This is indeed i-onghly 
indicated by the remarkable case of a patient, whose almost only 
communication with the external world was by means of one eye, 
he being blind of the other eye, deaf of both ears, and suffering 
from general ansesthesia. Whenever the sound eye was closed, he 
went to sleep. It is further indirectly illustrated by the following 
experimental result. We have seen (§ 654) that a vertical incixiou 
carried through the depth of the grey matter around an area does 
not prevent stimulation of the surface of the area producing the 
ugual movements. But after such an incision the animal suffers 
a paralysis of the movements connected with the area, like that 
resulting from the removal of the grey matter of the area; and 
the operation is said to be followed by degenerative changes in 
the area, and degeneration of the pyramidal fibres starting from 
y. 111. 78 
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it. Somf of this effect may be due to nutritive changes brought 
about by injury to the pia mater and division of blood vessels; 
but it cannot be wholly accounted for in this way; it appears 
as if the life of the area is curtailed when its nervous ties are 
broken. We may conclude then that we are not justified in 
speaking of consciousness or volition, or other psychical processes, 
even admitting that these fail when the cortex ia removed, as 
being functions of the cortex in the same way that we speak 
of the functions of other organs ; they are rather functions of the 
connections of the cortex with the other parts of the central 
nervous system. 

The higher psychical processes we may probably regard as 
being preeminently functions of the connections of the several 
parts of the cortex with each other. We have seen that we may 
roughly classify the fibres of the cortex into ' projection fibres,' 
connecting the cortex with lower parts, either, like those of the 
pyramidal tract, centrifugal, carrying impulses from the cortex to 
lower parts, or, like those of the optic radiations, centripetal, carry- 
ing impulses from the lower parts to the cortex, into ' commissural ' 
(which are chiefly 'callosal') fibres, connecting the cortex of one 
hemisphere with that of the other hemisphere, and into ' associa- 
tion ' fibres, connecting one part of the cortex with other parts of 
the cortex of the same hemisphere. In the preceding discussions 
we have had to do mainly with projection fibres. Concerning the 
' commissural ' fibres very little definite can be aaid. We may 
assume in a general way that it is mainly through these that, 
though we possess two hemispheres, we seem to have 'one 
mind' ; but the whole of the matter is obscura We do not at 
present know what is the exact range of correspondence in 
function between the two hemispheres, whether for instance for 
the unilateral feature of speech (§ 659) is quite exceptional, or 
where it is merely one example among many. Even if we suppose 
that a spot on one hemisphere corresponds as a rule physiologically, 
that is in function, with the spot on the other hemisphere, whiui 
is its anatomical fellow, we find that the callosal fibres from the 
one spot are not exclusively or even chiefly distributed to the fellow 
spot. Nor can we at present clearly explain why certain areas of 
the cortex, as for instance that of the island of Reil, possess few 
commissural or at least callosal fibres. And even when we have 
assigned to these commissural fibres their fullest value, they do 
not really help, as we saw in treating of visual sensations, us to 
understand how two sensory impulses from the two sides of the 
body produce one affection of consciousness. 

When we turn to ' association fibres ' we seem able to see our 
way a little further. The Rolandic area is more richly provided with 
projection fibres, partly centrifugal, partly centripetal, than any other 
part of the cortex ; but in the higher monkeys and by inference still 
more so in man, the foci in this area, stimulation of which gives 
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rise to movements, are separated by inexcilabte cortex. From 
these inexcitable patches no pyramidal fibres start, and we may 
infer that they are at the same time free from fibres carrying 
centripetally impulses from lower parts, so closely bound together, 
as we have seen, are the ingoing sensory and the outgoing motor 
impulses. Hence, even in the Bolandic area, there are many, not 
only cells but groups of cells, which have no line of communication 
of their own with the periphery of the body of the individual to 
which they belong, and ao with the outside world ; their functional 
life ia dependent on 'association' fibres (we may for clearness' 
sake omit the commissural tibres) which keep them in touch 
with cells having such lines of communication. Even the scanty 
description whicn we gave some time ago of the minute structure 
of the cortex will suffice to shew how such ' associations ' can 
be carried out. In the teniporo-occipital region, even making 
every allowance for the optic radiations and the corresponding 
auditory fibres, as well as for the visual auditory or motor 
centrifugal fibres and for the curtici -pontine fibres passing from 
the cortex through the pes to the pons (§ 632), by which cells 
in this region are in touch with the lower structures, there must 
be a vast number of cells whose functional Life is also dependent 
on association fibres. And if we turn to the inexcitable frontal 
region in front of the Rolandic region, making eveiy allowance for 
the cells connected by the cortiei-pontine fibres through the 
pes with the pons, and for the cells of the dwindled olfactory 
mechanism, we find here again a multitude of such cells. 

In fact by far the greater number of the cells which make 
np the complex ' tangle ' of the cortex, probably more than half 
of them are cells whose whole life, putting aside the infiuences 
of the mere raw material brought to them by the blood, is 
dependent on association fibres connecting them with other 
cortical cells. These are cells which receive directly none of 
the impulses sweeping up to the cortex through the thalamus 
and other tegmental structures from the sensory nerves of the 
body, which emit directly no motor impulses through the pyra- 
midal tract or other tracts to the muscles or other structurus. 
A sensory impulse, or perhaps to be more exact, wo ought to say, 
the outcome of a sensory impulse can only reach them through 
an association fibre from some other cell in the cortex ; they can 
give rise to an outward token of their activity, only by acting 
through an association fibre on some other cortical cell which, 
unlike itself, has connections with lower parts of the nervuus 
system. 

Such cells, we may safely assume act, by virtue of their 
manifold connections, as the main agents of psychical processes, 
We are not at present able, in respect for instance to a cortical 
cell with which a fibre of the optic radiations effects a synapsis, 
to define exactly what is going on in the cell when an impulse, or 
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whatever we may please to call it, reaches the cell aloug the 
fibre. We cannot at present give the events a uame. But we 
may be sure that what taketi place does not constitute full 
psychical vision, the whole of the psychical effects of the im- 
pulse ; these are completed by means of cells connected with 
the former by association fibres. And so in other coses. 

This view of the psychical qualities of association fibres and* 
their belonging cells is supported by histological evidence of a 
special kind. We have reason to believe that the myeliuation of 
a nerve fibre is one of the conditions of its functional completeness, 
and we have seen that thi.s takes place at different time.s in 
different parts of the nervous system during the development of 
an individual. It takes place moreover in such a way as to 
justify the view that the later the myelination of a fibre, the 
higher the function of the mechanism of which that fibre is a part. 
Now not only do the fibres of the cerebral cortex myelinate later 
than those of other parts, but the association fibres myelinate 
much later than the projection fibres ; in some cases the myeli- 
uation of these does not take place until adult life. Further, when 
as often occurs, the association fibre is the collateral of a projection 
fibre, the myelination of the collateral may te deferred until a long 
time after the main axon has acquired ite medulla. This may be 
taken to mean that the main axon of fibre in question has for a 
long time been able to carry out its own work, for instance, its 
share in a voluntary movement before that work is accompanied 
by the psychical events which ultimately do accompany it; if the 
fibre were a centripetal fibre, one for instance of the optic radiations, 
we may suppose that long after the power of receiving visual 
sensations had been gained, the power of retaining the i^ensation 
in memory, or of working it up into an idea, had not yet been 
acquired. 

As we have seen, we have increasing evidence of a localisation 
of function in the cerebral cortex in the sense that certain regions 
of the surface are especially related to parts of the body, the retina 
to the occipital cortex, the hand to a portion of the Rolandic area 
and so on. We have evidence of a like localisation in respect to 
psychical events, & localisation also having relation to parts of the 
body. Thus, as we have seen, a particular area of the cortex has 
to do with the psychical processes intervening between vision and 
speech, or between hearing and speech, as shewn in word blindness 
and word deafness (§661 and §677); the entire 'projection' 
mechanism for vision and that for speech in such cases may be 
intact, the individual can see, or can hear, and can speak ; but the 
association mechanism connecting the shewn or the heard word and 
the speaking of it, and this alone, has broken down. Such cases 
are probably instances of a localisation of psychical processes 
obtaining largely in the cortex. 

Whether there be another kind of localisation having reference 
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to the essential nature of the psychical processes, irrespective of^ 
the parts of the body, and of the particular nerves whose excitatioD 
may bo the starting point of the psychical processes, whether for ' 
instance, to put the matter baldly, a particular part of the cortex 
is especially concerned ivith the ' emotions ' and another with the 
' intellect ' is a wholly different question. To deal with thia we 
have little or no pi'ecise knowledge as a guide. It is true that 
many observers report as a striking effect of removal of, or inter- 
ference with, the frontal lobes, in the dog and in the monkey, 
an alteration in the personal characteristics of the individual ; 
the mild and inoffensive become morose and vicious, the ahy 
and retiring become demonstrative and 'gushing.' Again, the 
brains of men of great ' intellectual power ' are often, or at least 
sometimes, especially highly developed in the tempore -occipital 
region. And so on. All this, however, stands on a very different 
fooling from the more exact knowledge rapidly increasing, which, 
as shewn in preceding sections we now possess, concerning the 
nature of that which is done by the projection mechanisms ; and 
it is probably working up from these that we shall gain light as 
to the psychical events of which the projection events are after all 
the basis. Even the higher psychical events cannot truly be 
spoken of as functions of the cortex, in the sense that they are 
simply the outcome of molecular changes in the cortical grey 
matter ; they are rather to be regarded as the outcome of complex 
processes in which the parts of the brain below the cortex play 
a part no less essential than that of the cortex itselt The 
fibres passing down from the cortex to the middle brain have 

ftrobably functions by which they take part even in our psychical 
ife, functions for which neither the words motor nor sensory are 
fitting. 



ON THE TIME TAKEN UP BY CEREBRAL 
OPERATIONS. 



§ 691. We have already seen (§ 5.94) that a considerable time 
is taken up in a purely reflex act, such as that of winking, though 
this is perhaps the most rapid form of reflex movement, When 
the movement which is executed in response to a stimulus involves 
cerebral operations a still longer time is needed ; and the interval 
between the application of the stimulus and the commencement 
of the muscular contraction varies according to the nature of the 
mental labour involved. 

The simplest ca.se is that in which a person makes a aignal 
immediately that he perceives a stimulus, em. gr. closes or opens 
a galvanic circuit the moment that he feels an induction shock 
applied to the skin, or sees a Sash of light, or heare a sound. By 
arrangements similar to those employed in measuring the velocity 
of nervous impulses, the moment of the application of the stimulus 
and the moment of the making of the signal are both recorded 
on the same travelling surface, and the interval between them 
is carefully measured. This interval, which has been called 'the 
reaction period ' or ' reaction time,' may be divided into three 
stages : (1) The time during which afferent impulses are generated 
in the peripheral sense organs and transmitted along the afferent 
nerves to the central nervous system ; this may be called the 
" aSerent stage." (2) The time during which, through the opera- 
tions of the central nervous system, the afferent impulses are 
transformed into efferent impulses; this may be called the "central 
stage." (3) The time taken up by the passage of the efferent 
impulses along the efferent nerves and the transformation of the 
nervous impulses into muscular contractions; this may be called 
the " efferent stage." In the efferent stage the events are com- 

fiaratively simple, and though not absolutely constant, do not vary 
argely; we are able to form a fairly satisiactoiy estimate of its 
duration and so of the share in the whole reaction period which 
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may be allotted to it. The events of the afferent stage are mueli 
more complex, and the estimates of its duration, being arrived at 
in an indirect manner, and chiefly based upon calculations of the 
whole reaction time, are very uncertain. The fact that the reactiou 
time with cutaneous stimulation is shorter when the stimulus is 
applied to the hand than when it is applied lo the arm, though 
in the latter case the tract for simple afferent impulses is longer. 
illustrates the complexity of the matter; the reaction time is 
shorter with the hand because the hand is more distinctly a 
sensory organ. Hence all attempts to estimate the length of the 
" central " stage, the " reduced reaction period " as it is sometimes 
called, by subtracting the efferent and afferent stages, must be 
subject to much error. But a good deal may be learnt by studying 
the variations under different circumstances of the reaction period 
as a whole. 

Taking first of all the cases in which the events of the central 
stage are simple, such as those where the subject has merely to 
make a signal upon feeling a sensation, we find that the length 
of the reaction period is dependent on the intensity of the 
stimulus, being snorter with the stronger stimulus. But varia- 
tions in the strength of the stimulus, especially in the case of 
miuimal stimuli, have a much more striking effect in determining 
the certainty of the reaction than in affecting the length of the 
period. Thus when the signal is made in response to some visual 
sensation, upon seeing an electric spark for instance, if the spark 
be a very weak one the subject of the experiment often fails to 
make the signal at all, though he may rarely fail if the spark be 
a strong one. 

Some of the most marked variations in the length of the 
reaction period are determined by the individuality of the subject, 
Thus with the same stimulus applied under the same circumstances 
the reaction perifxl of one person will be found very different from 
that of another. 

The length of the reaction period varies also according to the 
nature and disposition of the peripheral organs stimulated. In 
general it may be said that cutaneous sensations produced by the 
stimulus of an electric shock applied to the skin (the signal for 
instance being made by the right hand when the shock is felt by 
the left hand) are followed by a shorter reaction period than are 
auditory sensations, while the period of these is in turn shorter 
than that of visual sensations produced by luminous objects ; ou 
the other hand, the shortest period of all is said to be that of 
visual sensations produced by direct electrical stimulation of the 
retina. Roughly speaking we may say that the reaction period 
is for cutaneous sensations tth, for hearing ^th, and for sight |th 
of a second. But individuals differ much in the relative reaction 
period for the several kinds of sensation; and these figures are 
given as illustrations merely, not as haWng absolute worth. 
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Practice materially shortens the reaction period ; indeed, after 
long practice, making the signal, at first a distinct effort of the 
will, takes on the characters of a reflex act, with a correspondingly 
shortened interval. Lastly, we may add that in the same individual 
and with the same stimulus, the length of the period will vary 
according to circumstances, such as the time of year, the weather, 
and the like, as well as according to the condition of the individual, 
whether fresh or fatigued, fasting or replete, having taken more or 
less alcohol, and the Tike. 

The reaction period of vision has long been known to astrono- 
mers. It was early found that when two observers were watching 
the appearance of the same star, a considerable discrepancy existed 
between their respective reaction periods, and that the difference. 
forming the basis of the so-called ' personal equation,' varied from 
time to time according to the personal conditions of the observer*. 

§ 692. The events taking place in the central stage are of 
course complex, and this stage may be subdivided into several 
stages. Without attempting to enter into psychological questions, 
we may at least recognize certain elementary distinctions. The 
afferent impulses started by the stimulus, whatever be their 
nature, when they reach the central nervous system undergo 
changes, and aa we have seen, probably complex changes, before 
they become sensations; and further changes, now of a more 
distinctly psychical character, are necessary before the mind can 
duly appreciate the characters of these sensations and act accord- 
ingly. Then come the psychical processes through which these 
appreciated sensations, or perceptions, or apperceptions as they are 
sometimes called, determine an act of volition. Lastly, there are 
the executive processes of volition, the processes which, psychical 
to begin with, end in the issue of coordinate motor impulses, or, 
in other words, start the distinctly physiological processes of the 
efferent stage. We may thus speak of the time required for the 
perception of the stimulation, of the time i-equired for the action 
of the will, and of the time required for the complex psychical 
processes which link these two together. Accepting this elemen- 
tary analysis, it is obvious that the total length of the central 
stage may be varied by differences in the length of each of these 
parts ; and a more complete analysis would of coui-se open the 
way for further distinctions. Hence, by studying the variations 
of the whole reaction time under varying forms of psychical 
activity, we may form an estimate of time taken up by various 
psychical processes. 

We may take as an instance the case in which the subject 
of the experiment has to exercise discrimination. The mode of 
making the signal being the same, and the stimulus being of 
the same order in each trial, that is to say, visual, or cutaneoua, 
or auditory, &c, and general circumstances remaining the 8am«, 
two different stimuli are employed, and the subject is required 



Chap, ii.] THE BEAIN. l! 

to make a signal in response to the one stimulus, but not to 
the other ; the subject has to discriminate between the psychical 
effects of the two stimuli. Suppose, for example, the stimulus 
is the sound of a spoken or sung vowel, and the subject is 
required to make a signal when n is spoken or sung, but not 
whea is spoken or sung. If the subject's whole reaction period 
be determined (i) in the usual way, with either a or o spoken (and 
the result will be found not to differ materially whether a or o be 
used), the subject knowing that only a or only a will be spoken, 
and then be determined again (ii) when he has lo discriminate 
in order that he may make the signal when a is spoken but not 
when o is spoken, he not knowing which is about to be spoken, 
the whole reaction period will be found to be distinctly longer in 
the second case, 1 he experiment may be varied by making use 
of all the vowel sounds taken irregularly as the stimulus, the 
subject responding by a signal to one only, as arranged beforehand. 
And of course other ordere of stimulus may be used, either visual, 
the signal being made when a red light is shewn but not when 
other colours are shewn, or tactile, the signal being made when 
one part of the body is touched but not when other parts are 
touched, and the like. 

In such experiments where the subject has to distinguish, to 
discriminate between two or more events, the prolongation of tha 
reaction period is obviously due to the longer time required for 
the psychical processes taking place during what we have called 
the central stage. In the two cases, one without and the other 
with discrimination, not only are the afferent and efferent stages 
the same in both, but we have no reason to suppose that in tns 
central stage is there any difference between the two cases as 
to the time taken up by the transformation of simple sensonr 
impulses into perceptions, or as to that taken up by the will 
in gaining access to the motor apparatus and so starting the 
processes of the efferent stage ; the delay takes place in the 
psychical processes intervening between these two parts, and 
the amount of delay is the measure of the time needed for the 
processes involved m the discrimination. This "discrimination 
period " has been found to differ in the same individual according 
to the sensation employed, visual, auditory, &c., and according 
to the kind of difference in the sensation which has to be dis- 
criminated, for instance in visual sensations between colours or 
between objects in different parts of the field of vision. In a 
series of observations made in this way, the discnmination period, 
i.e. the prolongation of the simple reaction period due to having 
to discriminate, was found to range from 0011 sec. to 0062 sec,; 
but these figures also are given rather as an illustration than for 
their absolute worth. 

Another series of observations may be made in the following 
way. The signal being one made with the hand, the simple 
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reaction period for a atiinulus is determined with the signal given 
by the right hand. Two kinds of stimuli are then employed, both 
of the same order, two vowel sounds for instance, and the subject 
is directed to respond to one vowel with the right hand and to 
the other with the left hand. It is found, the subject being right- 
handed, that the reaction period is greater when the signal is 
made with the left hand. In this case the delay takes place not in 
the recognition of the effects of the stimulus, nor in the processes 
through which the will is formed upon that recognition ; these are 
the same in the two cases; it takes place in the processes by 
which the will is brought to bear on the nervous motor apparatus 
for making the signal, on the cortical origin, for example of the 
pyramidal tract; these processes take a longer time in the case 
of the unaccustomed left hand than in the case of the usual 
right hand. In this way we obtain a measure of so to speak the 
volitional side of psychical processes 

In K somewhat similar way we may obtain a measure of the 
time required for perception. A strong sensation following too 
closely upon a weak one will prevent the psychical recognition 
of the weaker one. If, for instance, two or three letters in white 
on a black background be presented to the eye. and a large white 
sur^e be presented afterwards at an interval which is made 
successively shorter and shorter, it is found that when the interval 
is made very brief indeed the letters cannot be perceived at all. 
In proportion as the interval is prolonged, the recognition of the 
letters increases, until at an interval of about '05 sec. they are 
fully and clearly recognized. That is to say, the time required 
for perception is in such a case of about that length. 

The duration of all these psychical processes, as of the simple 
reaction period itself, varies of course under different circuni- 
stauces, and the discrimination period may be conveniently used 
for measurements of the varying effects of circumstances. Practice 
shortens the discrimination period as it does the simple reaction 
period. Oue of the most powerful influences is that of attention. 
And it is stated that the shortening of the period is greater when 
the attention is concentrated on tnc making of the signal than 
when it is more especially directed to recognition of the stimulus ; 
in other words, the voliUonal processes are more amenable than 
are the perceptive processes to the psychical action which we call 
attention. On the other hand, the period is distinctly prolonged 
if the observer be distracted by concomitant sensations. For 
example, the period for discriminating between two visual sen- 
sations is prolonged if powerful auditory sensations be excited at 
the same time. 

The same method of measurement may be used in other 
ways and under other circumstances with reference to psychical 
processes. It must be remembered, however, that all such 
observations are open to many fallacies and need particular 
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caution. It not unfrequently happens that false results are 
obtained; for instance, the subject, expectinjB^ the stimulus to 
be brought to bear upon him and strainmg his attention, makes 
the si^al before the stimulus actually comes off. And the inter- 
pretation of the results obtained are in many cases very difficult ; 
but it would be out of place to dwell upon these matters any 
further here. 



SEC. 12. THE LYMPHATIC ARRANGEMENTS OF 
THE BRAIN AND SPINAL CORD. 



§ 693. The Membranes of the Brain and Spinal Cord. The 
cerebro-Bpina! canal ia lined by a tough lamellated membrane, 
composed of connective tissue with a small amount of elastic 
networks, called the dura mater, which, somewhat closely adherent 
to the walls of the cranial cavity, is separated from those of the 
vertebral canal by a considerable apace, containing blood vessels, 
especially large venous sinuses, and some fat. It may be 
considered as a development of the periosteum lining the 
cerebro-spinal cavity. It sends tubular sheaths fur some distance 
along the several cranial and spinal nerves; and forms between 
the cerebral hemispheres, in the longitudinal fissure, a conspicuous 
sickle-shaped vertical fold, the falx cerebri, as well as a smaller 
horizontal or oblique fold between the cerebellum and cerebrum 
known as the tentorimn. 

The vascular pia mater is closely attached to the surface of 
the brain and spinal cord, dipping down as we have seen into the 
ventral or anterior fissure of the cord as well as into the Bssures 
of the brain. Sheath-like investments of pia mater are continued 
along the several nerves as they leave the cerebro-spinal cavity ; 
and m the vertebral canal an imperfect partition half-way between 
the dorsal and ventral surfaces of the cord is furoiBbed by a 
membrane of connective tissue which, continuous along its whole 
length with the pia mater, is attached to and fused with the dura 
mater at intervals only, namely, between the successive nerve 
roots. Since its outer edge has thus a toothed appearance, this 
membrane is called the hgamentum denticulaium. Between the 
pia mater next to the brain and cord and the dura mater next 
to the bony walls is a cavity, which is divided into two by a 
thin membrane, tJie arachnoid, composed of interwoven bundles 
of connective tissue. The space between the arachnoid and the 
dura mater is called the subdural space, and the space between 
the arachnoid and the pia mater is called the s^^racknoid space. 
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When the brain ia exposed by removing the roof of the skull and 
slitting open the dura mater, the subdural space is laid bare, and 
the arachnoid is seen stretching over the pia mater; in the 
vertebral canal the arachnoid lies close to the dura mater, so that 
usually, when the dura mater is slit open and turned back, the 
arachnoid is carried with it and the cavity exposed is that of the 
subarachnoid space. The arachnoid, like the dura mater and the 

E)ia mater, is continued for some distance over the nerves as they 
eave the cerebro -spinal cavity ; so that each nerve at its exit is 
surrounded by a tubular prolongation of the subdural space, and 
within this a similar tubular prolongation of the subarachnoid 
space. 

The subdural space is broken up to a slight extent onlj- 
by bridles carrying nerves and blood vessels, especially venous 
sinuses, between trie pia mater and dura mater, and, over the 
surface of the brain, by villus-like projections of the arachnoid, 
called Pacchionian glands, some of which pierce the venous 
sinuses of the dura mater. It is lined throughout, both on its 
dural and on its arachnoid wall, by an epithelium of flat epi- 
thelioid cells, and may be compared to a serous cavity such as 
that of the peritoneum. Like the serous cavities it contains 
normally a small quantity only of fluid, and its size is potential 
rather than actual. 

The subarachnoid space on the other hand is, especially in 
certain regions, such as tne dorsal portions of the vertebral canal 
and the base of the brain, much broken up by bridles of con- 
nective tissue passing from it to the pia mater, as well as by 
a network or sponge-like arrangement of bundles of connective 
tissue Ij'ing immediately beneath itself, and giving it when viewed 
from below a honeycomb or fenestrated appearance. The under 
surface of the membrane itself as well as all the trabeculse of the 

rnge-work and the bridles are covered with an epithelium of 
epitheHoid cells, which is continued also over the pia mater 
and the ligamentum denticulatum, and lines the tubular sheath- 
like prolongations of the space along the issuing nerve roots. 
The subarachnoid space therefore, like the subdural space, may be 
regarded as a serous or large lymphatic space, but it is an actual 
not a mere potential space; it always contains an appreciable 
quantity of fluid. The quantity present in the subarachnoid space 
of the cranial cavity ia small, probably not exceeding 2c.c. under 
normal circumstances; there is a larger quantity in the spinal 
canal. The fluid which escapes from Uiese cavities wben they are 
laid bare is called cer^nv-spinal fluid ; it is not ordinary Ij'mph, 
but is furnished in a particular way, and deserves special study. 
To understand its nature and origin, we must turn to some special 
arrangements of the pia mater. 

§ 694. The pia mater proper, consisting of interwoven bundles 
of connective tissue, with some elastic fibres and a considerable 
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number of connective tissue coqjusclea, serves as we have said as 
the bearer of blood vessels to the nervous structures which it 
invests. The small arteries as they pass into the nervous substance 
by the way of the septa are surrounded by perivascular lymphatic 
canals with which spaces in the neuroglial groundwork both of 
the brain and spinal cord, especially spaces surrounding the larger 
nerve cells, are continuous. As is the case with other tissues, so 
with the central nervous system, the several elements of the tissue 
are bathed with lymph derived from the blood ; and this, oozing 
throTigh the spaces into the perivascular canals and the other 
lymphatic vessels of the pia mater, makes its way into the sub- 
amcimoid space ; but the fluid in the subarachnoid space has other 
sources besides. 

The roof of the fourth ventricle is, as we have said (§ 601), 
reduced to a single layer of non-nervous columnar epithelium, 
which appears as a mere lining to the pia mater overlying it. In 
the hinder part of the ventricle this roof is perforated by a 
distinct narrow oval orifice, the /oranien of Majendie. By this 
orifice, which passes right through both the pia mater and the 
underlying layer of epithelium, the cavity of the fourth ventricle, 
and so the whole series of cavities derived from the original 
medullary canal, the lateral and third ventricles, the aqueduct, 
and the central canal of the spinal cord, are made continuous with 
the subarachnoid space. There are also two other less con- 
spicuous communications between the subarachnoid space and 
the fourth ventricle, one on each side of the flocculus of the 
cerebellum. Hence the cerebro-spinal fluid is made common to 
all these cavities, and is furnished not only by the pia raater 
investing the outside of the brain and spinal cord, but also, and 
indeed probably to a larger extent, by the epithelium lining the 
several cavities of the cerebro-spinal axis, especially perhaps by 
those portions of that epithelium which coat the processes of pia 
mater projecting into those cavities at certain places. 

We saw previously (§ 602) that a large fold of the pia mater, 
carrying in with it the thin non-nervona epithelium which alone 
represents at the place the original wall of the medullary canal, 
is thrust inward at the transverse Assure of the brain, beneath the 
fornix, to form the velum interpositum, thus supplying a roof to 
the third ventricle, and that it thence projects into each lateral 
ventricle as the choroid plexus of each side, reaching from the 
foramen of Monro in front along the edge of the fornix to the tip 
of the descending horn. The velum being a fold of the pia mater 
consists theoretically of two layers, and between the upper dorsal 
layer and the lower ventral layer, lies a thin bed of connective 
tissue carrying arteries forwards from the hind edge of the corpus 
callosum, and similarly carrying veins backwards; these vessels 
furnish the choroid plexus with an abundant supply of blood. In 
the choroid plexus, the folded pia mater is developed into a 
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number of villus-like processes, the primary processes bearing 
secondary ones. Each process coosists, like a villus, of a basis 
of coonective tissue, in which the blood vessels end in close set 
capillary loops, covered with an epithelium. The epithelium, 
though continuous with the rest of the epithelium lining the 
lateral ventricle, and thus as we have said shutting off the lateral 
from the third ventricle (except at the foramen of Monro), and 
though like it derived from the wall of the original medullary 
canal, is different in structure. Over the ventricle generally the 
epithelium consists of ordinary short columnar, apparently ciliated, 
cells, with more or less transparent cell -substance ; the cells over 
the choroid plexus ai-e cubical, often irregular in form, and their 
cell -substance is loaded with granules, some of which are pigmen- 
taiy. They have veiy much the appearance of ' active ' secreting 
cells; and indeed a branched process of the plexus may be 
compared to an everted alveolus of a secreting gland, with the 
epithelium outside and the blood vessels within. It cannot be 
doubted that these cells play an important part in secreting 
into the cavity of the ventricle fluid which, passing thence by the 
foramen of Monro into the third and so into the fourth ventricle, 
£uds its way by the foramen of Majendie into the subarachnoid 
space. 

As the velum overhangs the third ^entncle it sends down 
vertically two lon^tudinal linear fringes, which, resembling in 
structure the choroid plexuses of the lateral ventricle, are called 
the choroid plexuses of the third ventricle. From the roof of the 
fourth ventncle there hangs down on each side a similar linear 
fringe, the choroid plexus of the fourth ventricle, which is 
especially developed at its front end beneath the overhanging 
cerebellum. These subsidiary choroid processes doubtless assist 
in furnishing cerebro-spinal fluid, but their share is small compared 
with that of the main choroid plexuses of the lateral ventricle. 

The fluid thus supplied by secretion in the ventricles mingles 
with the fluid supplied by transudation in the subarachnoid space. 
The subdural space though anatomically shut off from is physio- 
logically continuous with the subarachnoid space, fluid ]>assiDg 
r€»dily from the one space to the other, and the fluid obtained 
from either of them may be considered as cerebro-spinal fluid. 

§ 695. The Cerebro-spinal Fluid. The specimens of cerebro- 
Bpiual fluid which have been examined as to their composition 
are not quite comparable with each other, since while some (such 
aa those obtained from cases where a fracture of the base of the 
skull has placed the subarachnoid apace at the base of the brain, 
where it is largely developed, in communication with the external 
meatus, and the fluid escapes by the ear) may be regarded as 
normal, others (such as those obtained from cases of hydrocephalus 
where the ventricles contain an unusual (]uantity of fluid, or from 
of spinal malformations) must be considered as abnormal 
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In most of the more complete analyses, the fluid examined has 
belonged to the latter class ; and the following statements apply, 
(itrictty speaking, to them alone. 

With this caution we may say that cerebro-spinal fluid is a 
transparent, colourless or very slightly yellowish fluid, of taint 
alkalme reaction, free trom histological elements. The specific 
gravity is about 1010 or less, the amount of solids being on ao 
average 1 p.c. Of these by far the greater part, -8 or "9 p.c., is 
supplied by salts, the total quantity of which as well as the 
relative amount of the several constituents being about the same 
as obtain in blood and lymph. The comparative deficiency of 
solids is due to the scantiness of the proteids, which rarely exceed 
'1 p.c. These are chiefly globulin ana a form of albumoee, or even 
peptone ; albumin is said to be generally absent. The fluid, save 
apparently in exceptional cases, does not clot, and contains 
neither fibrogenous factors, nor fibrin ferment. It very frequently 
contains a substance which like dextrose reduces Fehling s s^u- 
tion but which is not a sugar ; it appears to be pyrocatecnin or s 
closely allied body. 

Seeing that a fluid of such a composition is of a dififerent 
nature from ordinary lymph, furnished entirely in the ordinari' 
way, we might be inclined to infer that probably a very large part 
of the whole mass ofc the fluid is furnished by the secreting 
epithelium of the choroid plexus. But it must be borne iu 
mind, that the foregoing analyses refer chiefly to fluid appearing 
under abnormal circumstances, and it would be hazardous to draw 
any wide inference from them. We have little or no exact 
experimental evidence as to how much fluid is actually secreted 
by the choroid plexuses ; and if the fluids which have been 
analyzed do represent a mixture of ordinary lymph supplied 
through the pia mater with the pecuUar secretion of the choroid 
plexuses, some further change beyond the mere mingling of the 
two fluids is needed to explain the remarkable absence of albumtu 
which has been so strongly insisted upon by various authors. It 
is stated that when the cerebro-spinal fluid is quickly formed, as 
is the case when it is allowed to escape freely through an opening 
in the skull, the peculiarities spoken of disappear ; the fluid then 
acquires the characters of an ordinary serous exudation. 

§ 696. We may fairly suppose that during life the fluid la 
continually being supplied, from the one soui-ce or the other; but 
we have no very exact knowledge as to the rate at which it is 
furnished. In the dog, the fluid has been observed to escape 
through an opening made into the subarachnoid space at 
a rate varying very largely under different circumstances, and 
ranging from 1 c.c. in 40 minutes to as much as 1 tc, in 
(j minutes, the total quantity discharged in 24 hours varying 
from 36 c.c. to 240 c.c. In the cases of fracture of the bew 
of the skull mentioned above, a very considerable flow has been 
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frequently observed. But in all such instances as the above 
the circumstances in one way or another are abnormal, and the 
flow observed in them cannot be taken as the measure of the 
normal supply. The rate of flow was found in the dog to be 
much increased by the injection of substances (normal saline 
solution) into the blood, but to be relatively little influenced by 
artificial heightening of arterial pre.ssure. This has been put 
forward as indicating that the fluid is chiefly furnished as a 
secretion and not as an ordinary transudation of lymph ; but it 
cannot be regarded as affording a valid argument. 

The fluid being thus continually formed must always find a 
means of escape. This is probably supplied in part by the tubular 
prolongations of the subarachnoid space along the nerve roots ; 
these are continuous with the lymphatic vessels of the nerves, 
and so with the lymphatics of the body generally ; and in the 
skull, the passages of this kind along the cranial nerves, especially 
along the two optic nen'es into the orbits, afford a ready means of 
escape. But there is evidence that in the brain much of the fluid 
escapes through the Pacchionian glands directly into the blood of 
the cerebral venous sinuses of the arrangements of which we shall 
presently have to speak. Indeed it has been urged that the 
chief absorption of cerebro-apinal fluid takes place not in the 
vertebral canal but in the cranial cavity and there chiefly by means 
of the Pacchionian glands. Fluid for instance disappears more 
readily when introduced into the cranial cavity over the bulb, 
than when introduced into the lower end of the vertebral canal. 

The quantity of cerebro -spinal fluid present at any one time is 
the result of the balance then obtaining between formation and 
escape. Assuming the escape to be mainly by a process of 
absorption into the venous stream through the Pacchionian 

f lands, there is evidence that this depends closely on the 
ifference between the pressure of the fluid in the subdural (or 
subarachnoid) space and the pressure of the blood in the cerebral 
venous sinuses. If the venous pressure be lowered or the pressure 
of the fluid be raised absorption is increa.sed. until by the process 
the two pressures are again made equal. If this be so, since the 
venous pressure is subject to variations, the pressure of the cerebro- 
spinal fluid must also be subject to variations, but to variations 
which are temporary only, since the latter is always striving to 
accommodate itself to the former. Hence any such statement as 
that in the dog the average pressure of the fluid in the subarach- 
noid space is about 10 mm. of mercury has relatively little value ; 
indeed the brain is said to work well within a range of this pressure 
from zero to 50 mm. 

Variations then in the quantity and in the pressure of the 

cerebro -spinal fluid may be traced to variations in absorption 

dependent on venous pressure. Whether variations of the fluid 

due to variations of formation are similarly due to variations in 
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venous pressure is not so clear ; nor indeed do we at present fiiliy 
underataod what circumstances definitely determine ttiese. 

The rate of possible escape is not without importance as 
regards the mechanical importance of the cerebro-spinal fluid. 
Thus it has been urged that when an extra quantity of blood 
is driven into the skull, any injurious intercranial compression 
is prevented, not only by the transference of a quantity of 
cerebro-spinal fluid through the foramen of Majendie from 
the cranium into the spinal canal, the walls of which are less 
rigidly complete, but also by the direct escape of the fluid from 
the cavity of the skull in the manner described. It has also 
been urged that the fluid at the base of the skull, in the large 
subarachnoid spaces of which it gathers in larger quantity than 
elsewhere, acts as a sort of protective water cushion to the delicate 
cerebral substance, and that, in general, the presence of the fluid 
is mechanically useful to the welfare of the brain, removal of the 
fluid by aspiration being said to lead to haemorrhage from the pia 
mater and to various nervous disorders. But this view exaggerates 
the quantity of fluid present in the cranium, which as we have s^d 
is probably small ; and indeed our knowledge as to the part which 
the fluid plays is at present very imperfect ; its peculiar chemical 
characters suggest that it has some chemical as well a& mechanical 
functiona 





§ 697. The blood vessels reach the nervous structures by 
means of the pia mater. In the spinal cord arteries coming from 
tbe vertebral, intercoBtal and other arteries, and travelling along 
the nerve roots join the pia mater, and then through the fissures 
and aepta reach all parts of the cord ; but as we have previously 
remarked the capillary network is much deoser, and therefore the 
blood supply much greater in the grey than in the white matter. 
The veins, also gathered up along the septa and lissures into the 
pia mater, those coming from the grey matter forming, before they 
reach the external pia mater, a conspicuous longituainal vein on 
each side of the posterior grey commissure, pass from tbe pia 
mater to the large venous sinuses of the dura mater and so to 
adjoining veins. 

In the brain two important features of the distribution of the 
arteries deserve special attention. In the first place, the quad- 
ruple supply by the right and left vertebral and internal carotid 
arteries is made one by remarkable anastomoses forming the ctVc^e 
of Willis. The right and left vertebral arteries entering the 
vertebral canal at the level of the 6th cervical vertebra, and 
running forwards towards the brain, join beneath the ventral 
surface of the bulb to form the single median basilar artery. 
This, after giving off branches to the bulb, cerebellum, and pons 
divides into the right and left posterior cerebral arteries. Each 
internal carotid entering the skull reaches the base of the brain 
in the region of the floor of the third ventricle, and, passing 
ventral to and athwart the optic tract, gives off the large and 
important middle cerebral artery along the fissure of Sylvius, and 
then, turning forwards and towards the median line, passes dorsal 
to the optic nerve to end in the anterior cerebral artery. Just 
however as it gives off the middle artery, it sends backwards, 
inclining to the middle line, a relatively large branch, the posterior 
communicating artery, which joins the posterior cerebral near the 
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origin of this from the basilar artery. Moreover, the two anterior 
cerebral arteries soon after they have crossed the optic nerves, 
just as they are about to run straight forwards along the frontal 
lobes, are joined together by a short wide branch, the anterior 
communicating artery. In this way the vertebral arteries through 
the basilar artery join with the carotid arteries to form around tne 
optic chiasma beneath the floor of the third ventricle an arterial 
circle, the circle of Willis. 

Blood can pass along this circle in various ways; from the 
basilar artery along the right posterior communicating artery to 
the right internal carotid, and so by the right anterior cerebml 
artery and anterior communicating artery to the left side of the 
circle, and similarly from the basilar artery along the left aide to 
the right, or from the right or from the left carotid through the 
circle, to the right hand or to the left hand in each case. Since 
the channel of the circle is a fairly wide one, the passage in 
various directions is an easy one ; all the vessels radiating from 
the circle, including the basilar artery and its branches, can be 
supplied by the carotids alone, or by the vertebrals alone, or even 
by one carotid or one vertebral alone. In this way an ample 
supply of blood to the brain is secured in the face of any hindrance 
to the flow of blood along any one of the four channels. 

In what may perhaps be considered the usual arrangement, 
the calibre of the posterior communicating arteries is rather 
smaller than the other parts of the circle, so that, other things 
being equal, most of the vertebral blood will pass by the posterior 
cerebral arteries, while the carotid blood passes to the middle and 
anterior cerebral arteries ; but many variations are met with. 
We may also here perhaps call to mind the fact that the left 
carotid coming oflT from the top of the aorta, offers a more straight 
path for the blood than does the right carotid which comes otF 
from the innominate artery. 

Another special feature of the arterial supply to the brain is 
that the three large cerebral arteries, posterior, middle and ante- 
rior, are distributed almost exclusively to the cortex and to the sub- 
jacent white matter, while the deeper parts of the hemisphere, the 
nucleus caudatus, thalamus and the like, with the internal capsule 
and other adjoining white matter are supplied by smaller arteries 
coming direct from the circle of Willis, or from the very beginnings 
of the three cerebral arteries. It is stated that these two systems 
make no anastomoses with each other; but this appears to vary 
much in different individuals. The region of junction between 
the two systems seems to be more liable than do other parts of 
the brain to sufi^er in its blood supply when general difficulties 
arise in the circulation ; this perhaps explains why central 
'softening' due to imjperfect nutrition is especially frequent in 
that important cerebral structure, the internal capsule. We may 
add that the anterior cerebral artery supplies the cortex of the 
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I dorsal aspect of the frontal lobe as well as the front and middle 
I portions of the whole mesial surface of the hemisphere ; that the 
middle cerebral, always large, ia distributed to the side of the 
brain, that is, the parietal lobe, with the ventral part of the 
frontal lobe and the doreal part of the temporal lobe; and that 
the posterior cerebral supplies the rest of the cortex, that is to 
say, the occipital lobe including the hind part of the mesial 
surface of hemisphere, together with the ventral part of the 
temporal lobe. The distribution of these arteries therefore does 
not correspond to fimctional divisions, for while the middle 
cerebral supplies a large part of the Rolandic region, it does 
ngt supply the whole of it. and does supply parts outside it. 
Though the small arteries as they run in the pia mater on the 
surface of the cortex anastomose freely, there is very little 
anastomosis between the small arteries which leaving the pia 
mater dip down into the substance of the brain ; hence when 
these latter arteries are blocked, the nutrition of the part of the 
cortex supplied by them is apt to be impaired. 

§ 698. The venous arrangements of the brain have very special 
characters. 

Along the upper convex border of the sickle-shaped fold of dura 
mater, the falx cerebri, is developed a large venous sinus, the 
superior longitvdinal sinus. This, triangular in section, increasing 
in calibre, from before backwards, is a sinus, not a vein ; its waits 
are formed of nothing but connective tissue lined with epithelium, 
muscular elements being entirely absent. Though its channel is 
broken by bridles of connective tissue passing across it, it possesses 
no valves, and indeed these are absent from all the sinuses and 
veins of the brain. Most of the blood returning from the cortex 
and subjacent white matter is carried into this sinus by veins, the 
mouths of which are for the most part directed forwards, that is to 
say, against the direction of the blood stream. Along the lower 
concave border of the faix is a similar sinus, the inferior lontjitudinal 
sinus, which however is small and into which relatively few veins 
opea 

From the deeper parts of the brain, and especially from the 
choroid plexus, blood is conveyed by the veins of Galen along the 
velum interpositum to the transverse fissure, where the veins of 
Galen join the inferior longitudinal sinus to form the straight sinus. 
This, running along the line formed by the intersection of the 
vertical falx with the (more or less) horizontal tentorium, joins the 
end of the superior longitudinal sinus to form the reservoir or 
cellar, called the torcular Herophili, from which the lateral sinus, 
passing on each side along the convex border of the tentorium 
and gathering veins from the cerebellum and hind regions, as well 
as from the base of the brain, delivers the blood into the internal 
jugular vein. 

It should be added that veins from the nose and. through the 
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ophthalmic veins, &om the face join the veins and sinuses of the 
brain, and that the so-called emissory veins pass through the 
cranium from the scalp to the superior longitudinal and lateral 
sinuses. 

The channels for the venous blood of the brain are therefore 
not veins but sinuses, which while aflbrding an easy onward 
path can also be easily filled and easily emptied, and in which 
the blood can move to and fro without the restrictions of valves. 
This arrangement is correlated to the peculiar surroundings of 
the brain, which is not like other organs protected merely by 
skin or other extensible and elastic tissue, but is encased by a 
fairly complete inextensible envelope, the skull. As a conse- 
quence of this, when at any time an extra quantity of blood is 
sent from the heart to the brain, room must be made for it by 
the increased exit of the fluids already present. When general 
arterial pressure is raised, more blood, as we shall see later on, is 
sent to the brain; the arteries, capillaries and small veins ore 
expanded and filled with blood ; and the whole volume of the brain 
is increased. The brain substance is incompressible, and hence 
extra room must be fotmd within the rigid skull for the increased 
volume of the brain. This is in part provided for by the escape of 
cerebro-apinal fluid either into the vertebral canal, or out of 
the subarachnoid and subdural spaces into the venous blood 
stream or elsewhere. But, as we have seen, the quantity of fluid 
in the cranial subarachnoid and subdural spaces is small, as indeed 
is also that within the ventricles ; hence the extra space thus pro- 
vided is small. Further space is afforded by the escape of venous 
blood from the sinuses owing to their compression by the ejcpanding 
brain ; but this also is limited. The compression goes on only so 
long as the pressure of the brain-substance, that is the pressure in 
its blood-vessels, is greater than the venous pressure in tne sinuses. 
But the latter is continually being raised by the former, until, at 
last, the difference ceases. The whole energy of the arterial 
pressure, which previously was partly spent in expanding the braia 
and pressing on the cerebro-spinal fluid and venous sinuses, ia now 
entirely spent in driving the blood onwai-d. Hence the main effect 
of a rise of arterial pressure is to increase the rapidity of the 
cerebral blood-stream. This is the effect provided that the general 
venous pressure, that for instance in the right auricle, remains 
normally low. In a normal circulation increase of arterial pressure, 
what is sometimes called arterial congestion, docs not and indeed 
cannot lead to ' compression ' of the brain, that is to compression 
of the brain- substance ; its one effect is to quicken the blood-flow. 
The case is different if the venous outflow be obstructed as in so- 
called venous congestion ; then compression of the brain substance 
may take place causing loss of consciousness and interfering other- 
wise with the brain's work. 

§ 699. The supply of blood to the brain seems at first sight 
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not to correspond to the importance of this the chief organ of the 
body. In the rabbit it would appear that hardly more than one 
per cent, of the total quantity of the blood of the body is present 
at any one time in the brain, a quantity but little more than half 
that which is found in the kidneys ; and while the weight of hlood 
in the brain at any one time amounts to about five per cent, of the 
total weight of the organ, being about the same as in the muRcles, 
in the kidney it amounts to nearly twelve per cent., and in the liver 
to as much as nearly thirty per cent. Malting every allowance for 
the relative small size ana small functional importance of the 
rabbit's brain, we may conclude that the blood-supply of even 
the human brain is likewise small; and making every allowance 
for rapidity of current, the interchange between the blood and 
the nervous elements must also be small. When we compare in 
an animal, in a dog for example, the change as to its gasea which 
the blood undergoes in its passage through the brain with that 
which it undergoes in passing through a muscle, we find that 
the consumption of oxygen and production of carbonic acid ia 
very much less in the former than in the latter, when both are 
in a condition which may be considered that of rest. When the 
muscle enters into a state of contraction this metabolism of rest 
is as we know very largely increased ; but when the brain ia excit«d, 
as in an epileptic tit, no marked increase of its metabolism can 
with certainty be noted. In other words, the metabolism of the 
brain-substance is of importance not so much on account of its 
quantity as of its special qualities. 

Tlie circulation in the brain may be studied by help of various 
methods. A manometer may be connected with the peripheral 
end of the divided internal carotid artery, a second manometer 
being attached in the usual way to the central portion. Since the 
peripheral manometer records the blood -pressure in the circle of 
WiUis transmitted along the peripheral portion of the carotid 
artery, variations of pressure in the circle of Willia may thus be 
studied ; and a compariHon of the peripheral with the central 
manometer will indicate what general changes are taking place 
in the circulation through the brain. Thus a fall of pressure in 
the peripheral manometer unaccompanied by any corresponding 
foil in the central manometer would shew that the "periphend 
resistance " in the brain was being lowered, in other words, that 
the vessels were being dilated. 

In another method, in the dog. the outflow of venous blood 
from the lateral sinus through the poaterior facial vein has been 
measured. The freedom with which blood paseea along the sinuses 
justifies the assumption that the outflow through the open vein 
gives an approximate measure of the rate of flow under natural 
oonditions ; still the results are only approximate, and besides, the 
continued loss of blood introduces error. 

A third method ia a plethyamographic one. The akuU is made 
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to serve as the bos of the plethysmograph or oncometer (§ 410); 
a small piece of the roof having been removed by the trephine, 
a membrane ia fitted to the hole, and the movements of the 
membrane are recorded by help of a piston and lever or directly 
by a lever. In young subjects, the fontanclle, or portion of the 
cranium not yet ossified, may be utilized as a natural membrane, 
and its movements recorded in a similar maraier. When the 
instrument is fitted to the hole in a water-tight manner, this 
method records variations in internal pressure ; and we may take 
it for granted, unless otherwise indicated, that greater or leas 
pressure is due to more or less blood passing to the brain. But 
the amount of pressure brought to bear on the recording in- 
strument will also depend on the readiness with which the 
cerebro- spinal fluid escapes from the cavity of the skull; if there 
be a hindrance to the escape, or on the other hand an increased 
facility of escape, the same increase of supply of blood will produce 
in one case a less, in the other a greater movement of the lever. 
If the membrane be attached loosely to the hole so as to allow free 
escape of the cerebro-apinal fluid, the lever practically resting on 
the surface of the cerebral hemisphere, the method records 
variations in the dorso-ventral diameter of the hemisphere, and 
these may be taken as measuring variations in the volume of the 
brain and so in the blood supply. In neither foi-m, however, does 
the method by itself give us all the information which we want. 
An increase of blood in the brain, and therefore an expansion of 
the brain, and so a movement of the recording instrument, may 
result either from a fuller arterial supply or from hindrance to the 
venous outflow ; the former condition is, at least in most cases, 
favourable to, the latter always and distinctly injurious to, the 
activity of the nervous structures ; hence the teachings of the 
lever must be corrected by a simultaneous observation of the 
general arterial pressure and of the blood -pressure in the veins of 
the neck. Moreover, the argument which we used (§ 417) in 
reference to the kidney may be applied here and probably with 
equal force, namely, that the value of the blood stream for the 
nutrition of the tissue is dependent not alone on the amount of 
blood -pressure, but also and especially on the rapidity of the 
flow ; indeed this second factor is of particular importance in view 
of the need of supplying the nervous elements with an adequate 
interchange of gases. Now of the rapidity of flow the plethysmo- 
graphic method can give us indirect information only. 

A fourth method which has been more recently introduced 
gives perhaps the most trustworthy results of all. This consista 
in simultaneously recording (1) the arterial pressure in a carotid 
artery, (2) the venous pressure in the right auricle, (3) the venous 
pressure in a cerebral sinus, and (4) the pressure in the aub- 
durat space ; for the latter three measurements a manometer 
filled with saline fluid is used. 
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§ 700. By one or other or all of these methods, but especially 
by the last, certain important facts have been made out. The 
volume of the brain, as determined by the amount of blood 
present in it, is continually undergoing changes brought about by 
various causes. Each heiu-t-beat makes itself visible on the cere- 
bral as on the renal plethysmographic tracing, and as we have seen 
in speaking of respiration, the diminution of pressure in the 
great veins of the neck during inspiration leads to a shrinking, 
and the reverse change during expiration to a swelling of the 
brain. The plethysraograph also shews variations, larger and 
slower than the respiratory undulations, and brought about by 
various causes, such as the position of the head in relation to the 
trunk, movements of the Irnibs. modifications of the respiratory 
movements, and apparently phases of activity of the brain itself. 
as in waking and sleeping; undulations corresponding to the 
Traube-Hering variations (§ 387) of blood-preasnre may not un- 
frequently be observed. 

All the various methods shew that the flow through the brain 
is largely determined by a vaso-motor action of some kind or 
another. And this we might indeed infer from ordinary expe- 
rience. When the head is suddenly shifted from the erect to a 
hanging position, there must be a tendency for the blood to 
accumulate in the cranial cavity, and conversely when the head 
is suddenly shifted from a hanging to an erect position, there 
must be a tendency for the supply of blood within the cranium 
to be for a while less than normal. Either change of position, 
and especially perhaps the latter, would lead to cerebral disturb- 
ances, which in turn would in ourselves be revealed by affections 
of our consciousness. Indeed the effects of rapidly changing the 
position of the body afford a most delicate test of the efficiency of 
the vaso-motor mechanism. That a perfectly healthy, and especially 
young organism whose vaso-motor mechanisms are at once effective 
and delicately responsive, can pass swiftly from one position of 
the head to the other without inconvenience, whereas those in 
whom the vaso-motor mechanisms have by age or otherwise 
become imperfect are giddy when they attempt such rapid 
changes, is in itself adequate evidence of the importance of the 
vaso-motor arrangements affecting the circulation through the 
brain. The several methods agree in shewing that increased 
general arterial pressure, such as that for instance induced by 
stimulation of a sensory nerve, leads to a greater flow of blood to 
or rather through the brain ; the volume of the brain is some- 
what increased and the venous outflow ia greatly quickened. 
Conversely, a lowering of arterial pressure leads to a lessened flow 
of blood to or through the brain. Owing to the surroundings of 
the brain, the mere quantity of blood present in it does not vary 
widely; that remains fairly constant; but the vaso-motor influences 
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do largely influence the rate of tiow, which in respect to the 
metabolism of the brain is of high importance. 

Seeing that the cerebral arteries have well- developed muscular 
coats, the basilar artery in fact being conspicuous in this respect, 
one would be led to suppose that the brain possessed special 
vaiio-motor nerves of its own ; and recognizing the importance of 
blood supply to rapid functional activity one would perhaps 
anticipate that by special vaso-motor action, the supply of blood 
to this or that particular part of the brain might be regulated 
apart from changes in the general supply. Though nerve-fibres 
have recently been described as distributed to the cerebral 
vessels, the various observations which have hitherto been made 
have failed to demonstrate with certainty any such special vaso- 
motor mechanisms directly governing cerebral vessels. It would 
be hazardous to insist too much on tnis negative result, especially 
since the observations have been chiefly durected to the nerves of 
the neck, the experimental difl^culties of investigating the presence 
of vaso-motor fibres in the cranial nerves being very great. Still 
it may be urged and indeed has been urged that the flow of blood 
through the brain is so delicately responsive to the working of 
the general vaso-motor mechanism just because it has no vaso- 
motor nerves of its own. In such an organ as the kidney, an 
increase of general blood -pressure, as we have more than once 
insisted, may or may not lead to a greater flow through the kidney 
according as the vessels of the kidney itself, through the action of 
the renal vaso-motor nerves, are dilated or constricted ; and, as we 
have seen, a constnction of the renal vessels may be one of the 
contributors to the increased general pressure. In the brain, on 
the other hand, an increase of general arterial pressure seems 
always to lead to increase of flow. Thus in the Traube-Hering 
undulations just mentioned, the expansions of the brain are coinci- 
dent with the rises of the general pressure, whereas in the normal 
kidney and in other organs the local Traube-Hering undulation 
reverses the general one, the shrinkings are synchronous with the 
rises of pressure, the local constriction being one of the factors of 
the general rise. It is argued, that in the absence of vaso-motor 
nerves of their own, the cerebral vessels are wholly, so to speak, in 
the hands of the general vaso-motor system, so that when the 
blood -pressure is high owing to a large vaso -constriction in the 
abdominal viscera, more blood must necessarily pass to the brain, 
and when again the blood-pressure falls through the opening of 
the splanchnic flood-gates (§ 173) less blood necessarily flows along 
the cerebral vessels. On this view the vaso-motor mechanism by 
which, as mentioned above, we accommodate for changes in position 
b not cerebral but abdominal. The tendency of the erect position 
to drive the blood by hydrostatic pressure from the brain into the 
abdomen is under normal conditions compensated for by the tonic 
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vaso-conatriction of the splanchnic blood vessels. In the recum* 
bent position this constrictive grasp is slackened, otherwise too 
much blood would pass to the brain. In passing rapidly from the 
recumbent to the erect position, or vice versa, the vaso-motor 
splanchnic mechanism in a healthy organism responds, with a 
tightened or with a slackened grasp, rapid enough to secure that 
no great change in the blood supply to the brain takes place in 
either case. When the vaso-motor mechanism ia impaired as by 
old age or temporarily weakened in its action by amejsthetics the 
compensation may be insufScient. Hence in profound anesthesia 
it is dangerous to raise the subject suddenly from the recumbent 
to the erect position ; the splanchnic compenaatory constriction 
may be inadequate and the brain rendered anaemic. So, when 
fainting, as is often the case, is the result of diminished splanchnic 
constriction, too much blood is being collected in the abdomen and 
too little sent to the brain, the condition ia at once checked by a 
change from the erect to the recumbent position. It would seem 
that this vaso-motor compensating mechanism is better developed in 
man and the monkey with erect posture than in the lower animak; 
these latter are apt to compensate not enough or too little. 

In this relation of the splanchnic vaso-motor mechanism to the 
brain we may recognize a sort of self- regulating action. The 
effects of acute cerenral anaemia, of rapidly withholding blood 
from the brain are. put brieflv, loss of consciousness, with respira- 
tory spasms followed by a nae of blood- pressure and a slowing 
of the heart-beats, which condition, if the anaemia continue, 
gives way to a fall of blood-pressure with a rapid pulse and 
so brings about death. That is to aay, the spinal bulb sharing in 
the anaemia, the bulbar vaso-motor centre is by the lack of blood 
first stimulated and then exhausted, the cardio-inhibitory centre 
Bharing the same fate. Hence diminished supply of blood to the 
brain, by exciting the bulbar vaso-motor centre, leads to increased 
constriction in the splanchnic area and so tends to drive more 
blood to the brain; thus the injurious effects to the brain 
threatened by an anaemic condition are warded off by the very 
beginning of the anaemia itself 

§ 701. All the above advantages are, however, quite compatible 
with the coexistence of special vaso-motor mechanisms. More- 
over it is obvious that such a genera! action of the vaso-motor 
mechanism as we have just expounded can only affect the brain 
as a whole. But, as we have seen, the whole tendency of modem 
investigation has been to emphasize the localisation of function 
as regards the cortex. Hence there seems to be a contradiction 
between the one line of inquiry and the other. Possibly what we 
have just described is only the coarser and more obvious part of a 
mechanism the finer and more delicate adjustments of which have 
yet to be learnt. Indeed the 8ow of blood through the brain, 
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as measured by the venous outflow, may be modified indepen- 
dently of changes in the general blood-pressure. For instance, 
stimulation of the Rolandic region of the cortex quickens the 
venous outflow, without producing any marked change in the 
general blood-pressure ; this feature becomes very striking at the 
onset of epileptiform convulsions when these make their appear- 
ance. It IS difficult not to connect such a result of functional 
activity with some special vaso- motor nervous arrangement 
comparable to that so obvious in the case of a secreting gland. 
Again, it has been observed that certain drugs have an effect on 
the volume of the brain, quite incommensurate with their effect 
on the vaso-motor system; thus in particular the injection into 
the general blood stream of a weak acid produces a large and 
immediate expansion of the brain, while the introduction of a 
weak alkali similarly gives rise to similar considerable shrinking. 
It ia suggested that these effects are produced by the acid or 
alkali acting directly on the muscular coats of the minute 
arteries and so leading to relaxation or contraction respectively. 
In treating of the chemistry of nervous substance {§ 72) we stated 
that the grey matter of the cortex is faintly alkaline during life 
and under normal conditions, hut becomes acid after death or when 
its blood-supply is interfered with ; and it has been urged that 
nervous grey matter like muscular substance developes acidity 
during activity, as well as upon death, the acidity being probably 
due in each case to some form of lactic acid. And just as it has 
been suggested that the dilation of the minute arteries of a 
skeletal muscle, accompanying or following the contraction of the 
muscle, is brought about by the acid generated during the con- 
traction causing a relaxation of the muscular coats of the minute 
arteries, so it has been suggested that a similar acidity, the product 
of nervous activity, similarly leads in nervous tissue to a dilation 
of the vessels of the part. It has indeed been urged that in the 
above observations sufficient heed was not paid to variations in the 
venous pressure. But the phenomena probably cannot be wholly 
thus explained ; and of them and others the existence of special 
vaao-motor mechanisms would afford a more satiaiactoiy explana- 
tion than that given ; in spite of the negative results so &r 
obtained, the matter is obviously one needing further investigation. 
Meanwhile we have abundant evidence that, however brought 
about, the flow of blood through the brain, and probably through 
particular parts of the brain, is varied in accordance with tne 
needs of the brain itself and the events taking place elsewhere in 
the body. 
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IIJO, U4^1145^ 
1171, UTi 



II 



It 



r INDEX, isir^H 


Cortex, carebral, voluntu? movemeDta, 




1134^1139 


1138, 1I43-1HB, 1171, 1173 


„ „ comiGotion with oere- 




bollum, 1209 


„ "ith aplanchnic 


Epondjma ot venlriolBs of brain, 102S, 


fonctionj, 1216- 


1097, 1114 


1221 


offish. 1103 


CraDial nerves. 1008, 1011, 1025-1048. 


EpiibelisI cells of central oaaal. 9Sa 


1062 




Cribrilorm plate, 1178 


Erection centre, 987 


Crocial BUloUB. of dog. 1120 


Excitable region. □( cortex, 1130 


Cram cerebri. 1002, 1006. 1007. 1039. 




1043-1047, 1058, 1057, 1061, 10B3 


nuctens ^^h 


Cmral Bystem, 1043-1057 


Extnventricolar portion of corpDS atrU- ^^H 


Crnsts, of Oram cerebri, 1007 


torn, 1047 ^H 


Cuoe&te [luoleiu, 1019-1023 


Eje, area roT, 1136 ^^1 






■ Deaf-mutee. oogrdin^lion of movemenW 


Face, area for, 1136 ^H 


■ in. lOeO. 1091 


Facial nerves, 1034 ^^H 


■ Deoerebrate ngitlitj. 109S 


Fallopian canal, 1034 ^^M 




Fab cerebri. 1228 ^^ 


■ DerKCBtion, meobBBiun of. 1214 




■ DfKeneratiou method, 919-931, 989-948 


gracilis, 1011, 1019-1033 






■ use of terma. 948 


Fibres, efferent and afferent, 916-817, 




930, 963, 96H-9T3 ^H 


K 962-964 


arcuate, lOlT. 1018, 1032 ^H 


^M in the median poateriot 


of bulb. 1020, 1021 ^H 


^L tract, 964-907 


of crural ajstem, 1043-1057 ^H 


^^^^^ in the antero- lateral as- 


of brain, 1057-1061 ^M 


^^^^H. cending tract, 967, 96t) 


.. of pedal system, 1061-1064 


^^^■hv'a oella, 926 


.. of tegmental system. 1064-10S9 


^^^K; DDolcaa, 1300 


„ transverse, o( brain, 1067^1068 


^■"^HiariUa, of nerve cells, 926-930. 968- 


„ tendril, 1103 


■ ^^972 


„ association and projection, 1106, 


Daacending comma tract, 94S 


1118, 1318-1221 




„ of optic tract, 1164-1169, llTfi 


Dixcrimination period, 1225 


„ trapezoid, 11S6 


Dog, diviiQon of Bpinal cord, 975. 976 


„ of cortex, 1218-1320 


„ vicarious reSei rauvementii, 9H1 


.« nito Nerve.Bbree 


„ separation of lumbar cord. 936, 


FibrUls of substance of nerve oeli. 980 


987 


FUlet, the, 1023. 1066, 1184-1187 


„ automatic movements, 992 


Filum terminale. 950, 951 




Fish, deprived of cerebral hemiaphares. 




1076 


1080 


,. pallium of, 1103 


„ Tcmoval of Testibnlc. 1090 


., monocular vision of, 116S 


„ experiments on oortex, 1120-1133, 


Fissure, of spinal oord, anterior, 923 


USA. 1136 




„ divisioaof pyramidal tracts. 1149. 


1016 


1151 


„ of Rolando, 1061 




.. ofBjlvias. 1126. 1139, 1180 


along spinal cord, 1151, 1153 




,. removal of occipital cortex. 1176 


ol Monro. 1003-1006. 13S0 _^H 


l>onal and ventral, sse of terms. 932 


Fore-limb, area tor. 1121-1135, IISO ^H 


DrngB, effect on brain. 1244 


Fornix. 1004-lOOe, 1044, 1051, lOSS^^H 


Dnra mater, 922, 1228—1234 


1068 ^H 




Fovea centralis. 1174 ^H 




Frog, division of spinal cord, 9TG ^^H 


1031, 1082-1086 


„ reflGi actions, 9TT-9H1 ^^1 


Efferent fibres. S15-931 




„ impulses. 968-972 


„ removal of brain, 988, 969 '^^l 


stage of reaction period, 1223 


„ automatic Bciion, 993 ^^M 



1248 INI 

Prog, moMolar tone. 996. 997 

„ optic lobea, 1073-1076. 1093, 1094 
„ deprived of cerebral hemiBphereE, 

1073-1076, 1093, 1094 
,, pallium of. 1103 

Frontal cortieol fibres, 1062 

Frontalis maBcle, 1034 

Funiculus gracilis, 1011. 1019-1033 
aune&tus, 1011, 1019-1023 

Fusiform cell, 1108 



Oolen. veins of, 1237 

Osn^Ua, posCenoT root, of spinal cord. 

916. 919, 970 
OangUon, of Gagwr, 1035, 1037, 1043 
Ganglionic c«11b of oerebrol cortex, 

1113 
GoMBr, «■* Ganglion of 
Geniculate gon^oci. 1034 
Gennori's band. 1109, 1113. 1114 
Genn, of internal capsule, 1043. 1061 
Giant cells. 1113 
Olands, itt Pacchionian, pineal 
Globus pallidns, 1047-10&4. 1068 
aiossopharjugeal nerve, 1037-1029, 

1034, 1039. 1013. 1182 
Golgi. his ulver netliod. 935. 937. 
1100 
,. cells of, 1096. 1101. llftl, 1109. 
IIU. 1115 
GoU, column of, 939, 964-967 
Gowers. tract of, 944. 967 
Gncile nnclena, 1011. 1019-1032 
Grey matter, of spinal cord, 924-933. 
953-960. 96*^973 
„ „ ofbrain. 1009-1033. 1024- 

1043. 1096 el npra 
„ „ intermedjiale. of emtol 

trvUao. 1043-1057 
Gndden'scoauniBRirv, 1163 
Ottcm, bippacamiial. 1U4, 1180. 1181 
■ ■ in*. 1181, 1197. 1198 

1, of dog. 1130 
ugnlar, U7L, 1173, 1177 




Impulses, efferent and afferent, 915-931. 
968-973, 977, 983. 986 
„ centripetal, and centrifugal, 
955 
ampullar. 10S3-1091 
volitional (voluntary), 961 
sensory, 1143-1149, 1193. 
1194. 1199-1301 
Incoordination of movement, ite Coordi* 

Induction ahooks to the eldii, 977 

Intundibulum. 1007. 1163 

InteimediO'lateral tract. 939 

Internal capsule, 1045-1050. 1061, 1064. 
1129. 1130 

Inter-olivaiy layer, 1031. 1033 

Intra vent rienlar portion of eorpos stria- 
tum, 1047 

luverlfbrate anc^tiy. 1040. 1041 

Island of BeU. 1111 

Iter a tertio ad quaxtum TeoCrumlDin, 
1003 



Lomells of eerebeUotii, 1097-1099 
TjTnin« cinerea. 1163 

terminalis, 1025 
Lateral group of Mils of Teotral bom, 936 

Docleos, 1018 
Layer, inter-otivarv, 1031. 1023 
„ molecular, of cnebellom. 1097- 

1103 
,. „ of cerebrum, 1103. 

1105. 1113, m4 
Ijayeis of eerebrol oortei. 1111-1114 
Ligaaientam deDticulattmi. 1338 
Limbs, of internal eapaule, 1047, lOSO, 

1061 
LissBM*'* tone, 94A, 950 
,1B» 





iku posterior Dncleae. itr Grftcile 
□ucleuH 
group of cells of ventral horD, 

036 

pOBtorior tract, 939, 9«. 96i- 
967 
Medulla oblongata, tre Spinal bulb 
Medullaiy rajs of cerebral oorlex. 1109, 

1112 
Medollated nerve-Gbree of cerebral 

cortex. 1109, HIT 
Mombranea of brain and spinal cord, 

983. 1228-iaai 
Membrane, oUacloiy, of the nose, 1179 
Meniere's disease, 108B 
Meaial portion of brain of maeocua, 1127 
Methyleoe blue method, 927, 1100 
Mejnert'B coimaisRaie, 1163 
Micturition oentni, 987, 1214 
Mitra! cells, 117S, 1179 
Mole, optic aervcB of, 116» 
MolecuUr layer, cetebellum, 1097-1102 
,. ccri-brum. 1103, Ilia 
Monkey, bnee-jerk, ICJS-IOOO 

,, depriveU of cevebrft! hemi- 
spheres, 1061 

„ esperimenta on cerebral cortej. 

■ 1133-1128, 1136-1139 

^^ „ path of TolitioQol impulses 

^^ alonti spinal cord, 1164 

„ occipital rcKion of, 1171, 1178 
Monro, foramen of, 1003-lOOB. 1230 
Moss GbTi!B of cerebellum. 1103 
Motor area, 1001, 10S2, 1113, 1131, 11S6 
-1139 
„ ofdog, 1120-H33. 1149 
„ „ ofmocacua, 1133-113M 
„ „ of oniaug otang. 1138 
Hovements, reBei, 9H0-983 



I voluntary, 1081, 1119-115a 

coordiosted, 1082-1095, 
1307. 1213. 1314 
circus, 1091, 1093 
clookhand, 1091 
t „ forced, 1091-1095 

skilled. 1134-1143 
unilateral crossed, 1133 
vocal, 1213 
HDECle, fatigue in, 11G4, 1155 

.. orbicularis palpebrarum, 1031 
,. fronUlie, 1034 
MattcuUtt^onti action, 917, 994,995.1000 
aenae, 981 
BDund, 977 
„ tone, 996, 997 
Myelinatioo of nerve 'fibres, 1117, lllH, 
1230 

Nerves, spinal. 915. ft lupta 
., abducens, 1034, 103S 
„ cranial. 961. 1008. 1011, 1036- 

1043, um 

vaRus, 989, 1027-1039, 1039, 1043 



EX. 1249 

NervcE, olfuotoiy, 1008, 1036, 1040, 1069. 
1094. 1159-1177 
.. optic. 1008. I02S, 1040, 1069, 
1094, 1159-1177 
hypoglossal. 1018, 1030-103;. 
1039, 1041 
„ bulbar oooeasory, 1027. 1043 
glossopharyngeal, 1037-1039. 

1034, 1039, 1043, 1183 
spinal ow-esBory, 1037-1029 
., auditory. 1039-1034, 1048, 1082- 
1091. 1183. 1187 
facial. 1034, I03S 
trigeminal, 1035-1037, 1195 
,. trochlear, 1037-111*0 
oculomotor, 1040-104:1 
Nerve-cells. 926 rl supra, let alto Cells 
Nerve-flbres, degeneration of. 919-921, 
939-94S 
myelination of, 1117, 1118, 
1230 

Nerve-roots, cotinectioQB of, B4H-B50 
Nervna cocblearis. ite Cochlear division 
of auditory nerve 
„ veatibdlnris, tre Vestibular divi- 
sion of auditory nerve 
Neural canal, 936. 933, 1005, 1035 
Neuraion, let Axis-cylinder 
Neurilemma, of a nerve. 937 
Neuroglia, 935, 936, 930-932,951, 103S. 

1096. 1097, 1105 
Neurokeratin, 926 
Nuclear layer, of cerebellum. 1097-1103 

of olfactory lobe. 1178 
Nuclei, of cranial nerves, 1U85-1043 
,, of optic tholomua. 1053 
„ o[ the roof of cerebellum. 1087 
„ of spinal nerves, 1155 
Nucleus, aoeBSBory-VBgo-gloBBopharyn- 
Heal. 1037. 1029. 1031 
ambiguus. 1039. ICSl, 1043 
„ amygdols, 1051 

„ • anlero-Uteral, 1018 

caudatua, 1004, 1047-1051. 
1063-1067 
„ fasciculi gracilis, in Groeile 

nucleus 
., „ cuneati, tee Cuneate 

nucleus 
leuticnlaria, 1004, 1045-1061, 

1061. 1064 
of Deiter, 1209 
„ ruber, let Bed nucleus 

trapezoidea, 1184. 1185 
Nntritive integrity of nervous elements. 

1137 
Nyslagnms, 108W-1091, 1307, 1208 



Occipital c 



vagnf 
F. HI. 




A'ith optic 
tract. 1166-1168 
alimulation of, UTl, 

1173 
removal of, 1172-1177 



1250 



Occipital cortex, structure ol', 1113.1114 
OcDloiiiutor nerve, 1040-1043 
Olfactocy bulb, 1114, 1178-1181 
„ glomeruli, 1178 
„ membraae ot noee, 1179 

nerves, 101)8, 1026. 1068, 1069, 
1177-1181 

Olivarj bod^, 1000, 1017-1023 
Olive, inf^riar, set Otivar; body 

., superior, 1084. 1055, 1183, 1184 
Optic thalamuB, 1002-1008, 1044-1057. 
1061-1061), 1191 

„ narves, 1008, 1025. 1O40, 1069, 
1094, 1159-1177 

„ r&diationa, 1064. 1166 

„ iobcB, frog, 107a-l07C. lOOa, 1094 

„ chiasma. 1163, 1163, 1166 

„ tracts, 1163-1166 

„ vesicle, 1163 
Orbicularis (raJpebrBrum luuecle, 1034 
Onrang olttng. cortex of, 1139 

Pacchionian glands. 1221), l^its 

Pallium of frog, 1103-1105 

FaralyeiB, due to lesion of cerebral 

hemis[^erea, 1106 
PuBstasia, 1207 
Parasthania, 1207 
Faratonin, 1207 
Parietal region of cortei, 1129, 1142- 

1147 
Podal system, 1057 

,, longitudinal fibres, 1061-1064 
Pedunoles ot cerebeltum. 1007. 1008, 

1066, 1065, 1069. 1209, 1310 
PertoratedapaceB,antertor and posterior, 

1035 
Perikaryon, 338, 968, i)6ft, 970. 1100. 

1101, 1116 
Peripheral nerve-cells, 970, 1179 

„ sensory nerve-endings, 1199 
Pm, of cruB cerebri, 1007. 1045, 1053, 

1057, 1062 
Pia mater, 922, 926, 927, 1008, 1006, 
1061, 1109, nil, 1328, 
1330 
,, „ connection with olfactory 
glomemU. 1179 
Pigeon.deprivedofcerebial hemispheres, 
1076. 1077 
„ eiperiment!' on the eat of, 10S3, 
1084, 1090 
Pineal gknd, 1006, 1063 
Pituitary body. 1007 
PlethysniDgraphin method of investi- 
gating circalation of brain, 1240 
PelymorpbouB coUs, 1I08-11I1. 1114- 

1116 
Pons, 1007-1017, 1026, 1034. 1035, lOHS, 

1055, 1062. 1209 
Portio intermedia Wrisbergi, 1031-1033 
Posterior cortical fihres, 1063, 1064 

Poatero-extemal column, tee Column 



Postero-uediau column, utt Colnmn 
Projeotion fibres, 1106-1118 
Psychical processes, action of corl«x in, 
12I7-I221 
., „ diBcrimiQation period, 

1225 
Pulvinar, 1053. 1054, 1164-1169, 1175, 

1170 
Parkinj^, cells of, 1097-1103, 1114. 1210 
Pulamen. 1047-1054 
Pyramidal tracts, 941-943, 960, 961, 
1061-1064, 1134, 
1149-:i5« 
,. decussation of. 1009- 
1016 
cells, IlOJ-1108, 1113 

Rabbit, reflex action in. 976 

deprived of cerebral hemispheres, 
1078, 1079 
„ removal of cortex. 1135 
Kaphe, median. 1016, 1017, i069 
Bat. deprived of cerebral heutispberes. 

1078. 1079 
Beaction period. 1222-1227 
Hecarrent sensibility. 919 
Bed nuoleus, 1040, 1054 
Beflex action, 975 et lapra 

inhibition of, <i8T-990 
,. ., lime required for, 990, 

991, 997 
ReU. island of. 1111 
Bespiratary bundle, nc Fasciculus aoli- 

Bestiform body, 1009, 1023, 1033, 103&- 

1034. 1065 
Betioiilar formations, 938, 1015, 1017. 

1065, 1097 
BetiiiB, 1035, I15<^1169 

., aBeclLonB of, 1170, 1171 
„ rods and oonea of, llSl 
Bolandic area, 1123-1139. 1147-1149, 
1167, 1168 
,, electric stimulation, 1133- 

1128, 1189, 1171, 1172 
., connectiDn with sensoiy in- 

pulsea. 1197, 1198 
fibres, 1218. 1219 
Bolando, fissure of, 1061 

,, „ „ in macacus, 1124 

„ Bubstantia gelatinosa of, 93*2- 
938, 1011 
tubercle of, 1020 
Boots, anterioror ventral, 915-921, 924, 
961, 979 
„ posterior or dorsal, 949. 950, 964, 



Baccule, 1031, 1080 
Sacral ri^ion of spinal cord. 951, 9G9 
Sagittal sections of brain, 1045, 1051 
Schneiderian membrane, 1179 
Semioireular canal, 1031, 1082-1091 



^^^^^^^^" J 


^^B SenutioDS. yimal, 1087-11)01. 1IS9- 


TnenU semicirculuia, 1044 


^^P 1177. 1^01 




^H olfaotoiT. 117T-11B1 


Tegmental region. 1033. 1094. 1195 




gyBtem, la57 




longitudinal flhreiof. 


cataneotiB. IISU 


1064-1069 


ofpain, lllH) 


Tegmentum, of oruu cerebri. 1007. 1045, 


tactile. 1200 


1064, 1037, 1065 


SepUt, of puL mater. 920, 931, IlStI 


Temporal region otcoriei. 1147, 1148 


Septum lucidum. lOOS. 1044 




Shock, oflecUof, S74. 1137 


1064 


Miemoid Rjnw, of dog. 1120 


Tendo AchiUiB, 998 




995, 937, 1100 


Tendon reOeleB, 981, '.IBH 


Sinna. superior and inferior, 1237 


Tendril librea, of cerebellum. 1103 


Skeletal moBCleB, »3S, Util, »T9, 084. 


Tentorium, 1228 


oeu. lOUS 




tone, 994-1000 


Thoraoic re^on of spinal cord, 923, 930, 




B86. 963, 954. B59 


Snrte. dec»pit«ted. 991 


Thumb area. 1141 




Tone, arterial. 994-1000 


Sphinclem. fl!)4 


Torcalar Herophili, 1237 


Spiuol bulb. .« liull. 


Tract, median posterior, 939. It41, 964- 


. SpiDal Qord. 915 ti tupra 


!M17 










927, 1838-1334 


10r,l-10»4. 1134.1149-1166 


., divuion of, 040-947, 1162. 


., (teflccnding comma. 943 


1303. 1303 




„ ,. speaial featurea of Mvcral 


Goweri. 944, 967. 9Gfl, 1081 


teeioDB of. 960-!l60 




.. loflei (Kjtionii. 973 c( lupra 


1031 








.. optic. 11H3-I1B6 


along, liei-1151 


Trapezoid nucleus. 1184. 1185 


,, y&aculai acnrngententa, 


Tmube Bering variaUona. 1841. 1343 


1335-1344 


Trigeminal nerve. 1035-1037, 1193 


Spioal nerves, features, 915 


Trochlear nerte, 1037-1010 


aceftB, y51^953 


Trophic action, l«t3 


.. aooesHory nerve. 1027-1029 


Trnnb, area for, 1136, 1130 




Tuber oiueroam. 1035, 1163 


1216, 1343, 1343 


Tubercle of Bolando, 1030 


SpUniamof oorpuBcalloBum, 1051.1053 






1184 


Stria termioaUa. 1014 




Strire BCualLcir, 1037, 1031, 1032, 1182- 


Uncinate gyrua, 1110,1180,1181 


1185 


Unilateral croBied movement. 1133 


Stryahnia, action of, 978, 9H3 


Utricle, 1031, im; 


Subarachnoid apace, 1338 




Snbdnral space, 1328 


Vagus nerves, USit. 1027-1029, lOSU. 




1048 


3:18, 950 


Valve of Vienaaene. 1008. 1039, 10C5 


SubMaatia nigra. ia54. lOe^ 


VaeonUr ajvUta of brain and efMnnl 




cord. !ni4. 133S-1344 


Snlci, 1004. 1109 


Vasomotor action, efleot on brain. 


.. cmoial. of dog, 1130 


1241 




Veins of Galen. 1337 


., fiMureof. 1126.1189. 1180 




SynapflCT, USD. 969, B71. 972 


1330. 1331 




Venoos preHBure of brain. 1343, 1214 




Venona ainusea of dura mater. 1233, 


1104 


1333. 1381 




Ventral and doraal, on the nee of the ^^_M 




923 ^^^^H 



1252 



INDEX. 



Ventrioles of the brain, 1002-1025, 1097, 

1108, 1114 
Vermis, 1007, 1069 

Vertebrates, evolution from inverte- 
brates, 1040, 1041 
Vertiffo, 1088-1091 
Vesidfes, cerebral, 1001-1007 

optic, 1163 
Vesicalar cylinder, 988, 950, 964, 971 
Vestibular division of auditory nerve, 

1081-1088, 1067, 1086, 1090, 1091 
Vestibule, removal of, 1090 
Vicq d'Azyr's bundle, 1068 
Vieussens, valve of, 1008, 1089, 1065 
Visual cortex, lesion of, 1175 
field, 1161, 1162 

sensations, 1087-1091, 1159-1177, 
1201 
Vocal movements, mechanism of, 1213 



»i 



»i 



Voluntary movements, 1081, 1119-1158 

Walking, act of, 986 

Wallerian method of distinguishing nerve 

fibres, 921 
White matter, of spinal cord, 924-927, 

981, 939-941, 952, 971. 

972 
ofbrain, 1015-1023. 1057 

-1071, 1096 et supra 
Will, development of, 1144, 1157, 1158 
Willis, circle of, 1235, 1236 
Word deafness, 1188 
Wrisbergi, portio intermedia, 1031. 1033 

Zona spongiosa, 935 
Zone, root-, posterior, 939 
„ Lissauer's or marginal, 945, 950 
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